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HARRY PAYNE BING HAMA
1887—1955 ‘

Harry Payne Bingham died in Palm Beach, Florida on March:

25, 1955—twenty-five years almost to the day after his original
endowment of . the Ringham Oceanographic Laboratory at Yale

- Univaersity.

Bingham was born'in Cleveland, Ohio on December 8, 1887, He
received his formal education at thie Taft School and at Yale, where
he was & prominent athlete, perticipating in football {varsity ¥),
hockey, baseball and golf, and where he roomed with Adrian Van
Sinderern and the late Senator Robert A. Taft. He returned to
Cleveland after graduation and became asseciated with the Upson
Nut Company, manufacturers in ateel and iron.

In the fall of 1816, on the eve of our entry into World War I, Bing-
ham wrote, “My plans are to go to the military camp at Plattsburg,
and to do all I can to elect Hughes.”” He was secretary of the General

‘Munitions Board and the War Industries Board in Washington from

Mareh to December 1917. Commissioned & First Lieutenant of
Qidpance, he was later transferred tc the 4th Fielad Artillery Brigads,
sorv'mg as its operations officer and taking part in the Chateau-Thierry,
S:.-Mihiel, and Argohne campeaigns. He was promoted to Captein
in October 1518 ard wsas discharged in March 1818. Following
the war he moved to New York, where he became associated with
various corporations. -

It is dificuit 4o determine what first aroused Bingham's interest
in marine biovlogy. For the Hyestory of the Cluss vf 1810, Yale College
(Vol. I1I, 16268) he wrote: “3ince 1923 I have devoted my time largely
to scientific research work connected with marine life, and have added
some few facts to the sciezce of Ichth:ology. I make yearly trips
to southern waters in boais especially equipped for deep-ses fishing
as well as with all necessary equipment for surface fishing. The
specimens I am accumulating ir a private museum for further study
and reference.” And the editor of Volume IV (1935) writes about
Bingham: “When he first beceme active in this field, it was not with
the mere intention of eatablishing & private collection of marine
curios, but in the much broader scheme of sponsoring a program of
scientific research into the life and natural laws of the sea. For this
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purposs ~three scparate oceanographic expeditions were planned,
equipped-and conducted under Bingham's personal supervision and
leadership on his yachts, the Pawnec I and the Pawnee II, which
had been specially fitted with the apperatus necessary for deep-sea
work. During the first and third expeditions, in 1825 and 1827,
the marine i'fe, particularly that of the relatively unexplored great
depths, in the Caribbsan end Bahamian waters was investiguted.
The second expedition, in 1828, worked chiefly in the Gulf of Cali-
fornia, from whichx a wealth of new material was als¢ obtained. To
analyze and preserve the scientific results of these explorations, a
staff of scientists, artists, and technicians was engaged and given

& frec hand with the valuable coliections. When the results of these

studies begen to become available, Bingham also arranged for their

* publication in a scicatific series which continues to date, and which,

while still under Bingham's private sponsorship slone, was immedi-

" ately accepted in exchange by all the leading institutions in this

field in the world. When, in 1830, he gave to Yale the Bingham
Oceanographic Colleetion, it was therefore not only a gift of a rare
and valuable collection of more than 3,000 items, among which nearly
200 species have been found to be entirely new to science, it was
also a going concera in marine research and publication. And to
provide for its continuation he established the Bingham Oceanographic
Foundation.”

One of the early members of Bingham’s staff was & young Nor-
wegian, Albert Eide Parr, of whom the New Yorker {July 18, 1842,
p. 10) wrote st the time he became Director of the American Museum

~ of Natural History: “In 1926 he came te this country tn find wider

opportunities. ' These opened up dimly at the Agquarium, where
he got & job st 8110 a month cleaning spittoons, feeding fish, and
washing the windows. A year or so later Harry Payne Bingham
put bim in charg: of the collection at New Haven.” Over the years
Parr and Bingham became close friends, each admiring the other’s
particular talents and abilities. Their correspondence in the 1930's,
when Parr was Director of the new laboratory at Yale, shows that
they remained on formal terns; it was always “Dear Mr. Bingham”’
and “Dear Parr.”” But there is an intimacy in the letters themselves
which belies the salutations. Thus Parr wrotz to Bingham on March
29, 195C about tbe moving of equipment from ‘“Teho’s” yacht-yard
to New Haven:
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I am very corry that t,he movirg proved 1o be such an expensive affalr, but

. after having scen what it meant I am. esnvinced that the price was quite deoem
nevertheless. They started loading in the merning with 8 man, got 8 men in
the afierncon and were not through untll after seven at nlght. Xt was just like

- opening a warm soda bottle, it seemed to gre's and flow out'endlessly. It was,
incxdanta]ly, a quite entertaining undertaking. Thay kad, for nstance, been
carrying out the smaller nats and came to cur 800 fest s«ins, not kﬂowmg what
it was, and began loading it ou the strongest man, who highhandedly refused
any weaker sagistance—in the beginning., - "Then he bhad got about 50 feet on

snother man had to iske up position behind him. Ncbody knew how long it -

was to the end, and it developed into s conjurers’ show accompanied by some
of the most assorted swearing I hayz ove listened to. When the net finally
came out all eight men were under t, providing great entertainment for the
entire building, particularly the stropg man, who had wanted to carry it alone.
Then there wes a youth who innocently wanted to tip a looss coil of steel rope
on to his hand truck to wheel it out to the elevator. His arms almost left bis
shoulders, and his face assumed its most pureled espression, Aftsr four men

. had tipped, not lifted, the peaceful lookinp coil onto the truck it was decdded
that it weighed around 1000 pounds, Tids was the way it went.. Then one
truck broke down under the weight before starting from New York the next
morning, & releading had to be dore, and they were not through unloading it
hese until after eight that night.

To this Bingham replicd in part:

Your very amusing letter about the moving to New Haven wes much enjoyed.
1 should love to have been there and seen the fun.

In 1930 the History of the Class of 1910, Yale College quotes Mr,

Bingham as follows: ‘I have kept 8 continuing interest in the Bingham

Oceanographic Laboratory, which has been givern favorable support
by the university.,”” The author of the class history gees on to write:
“The foregoing modest statement hardly telis the story. The labore-
tory was started by Bingham twenty years ago. Ii now has an
international reputation. Two important oceanographic journals are
published from ite offices, and the researches of its staff on the biology
and physics of the sea have attracted wide attention. In the last
decade the laboratory has also attracted top flight graduate students.
From s small beginning it has given the University prominence in
‘a subject of increasing importance, and Yale takes great pride in
Bingham’s Oce&nogmphxc Laboratory.”

Research is the primary business of the laboratory, and one measure
of its productivity is the output of scientific papers. With this
issue the Bulletin of the Bingham Oceanographic Collection has

WLBUAGH g ik s i AR
o W R Y

-

Tl TR

e e T SPUNG P CRNIUG e TRS VY SN

[PURS S S PRI [ SR STty PY P

RESEURRTY ARETY T Ful v UNe SO

e X

e L i NI ke bt e PR




s . Bulltin of he nghm ogeanographw Collection — [XV

pubushed since it8 mceptxon nearly 6,000 pages, and in 'ohe past ten -
years the papers published by the staff in journals outside the Bulletin -

number 132 and cover 1,380 pages. The laboratory has more than

“lived up to its original statement of mtent “Founded for the purpose:

of oceanographic research.”
Mr. Bingham'’s generosity to his universiiy wes by no means con-

fined to things oceanographic. On Februery 22, 1926, President

Angell announced to the graduates assembled for Alumni Day a
gift of $1,000,000 made in honor of Mr. Bingham’s father by the
four children of Charles W. Bingham, ’68. From this fund Bingham
Hall on the Old Campus was built, the balance of the gift being held

. for maintenance and general endowment. Mr. Bingham's more

recent benefections to Yale included major contributions to the new
Art Gallery and Design Center.

Mr. Binghain seldom visited “his” leboratory at Yale. Yet,
when asked, and only if he thought it right, he gave extras: & new
truck, the cost of another Bingham Bulietin, even salaties under
certain circumstances. When he did come to New Haven, he brought
with him warmth, infectious enthusisnsm, an inquisitive probing

‘maind, snd thoughtfulness. On his last visit to the laboretory in

May 1934 ho quite characteristically arrived earlier than anticipated.
Finding no one available in the front offices, he made his way to one
of the yourger stufl members. “I'm Binghura of the Bingham Lsbors-
tory,”” he naid. “What are you working at?” “At the moment
I'm describing & new species of fish,”” came the answer, and Mr.
Bingham was instantly fascinated; he asked incisive questions and
was ag eager as if he had collected the specimen himself. On this
occasion, as on all cthers when he came to New Haven, for each of
us who saw him it was a joy.

It is of considerable interest, I think, that Bingham's fascination
for the sea preceded by some years the great burst of oceanographic
gctivity which cheracterized the late '20's mnd early '30°s in this
country. His understanding of the cont.ibuilon to scientific progress
that a generously supported though small leboratory could make in
the broad field of oceanographic research, as well as his unfailing
interest in resulis through a quarter of a century, were characteristic
of the man.

Our gratitude to him knows no bounds, and in tkat spirit this
volume is dedicated to his memory.—D. M,
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" OCEANOGRAPHY OF
'LONG ISLAND SOUND, 1952-1954

I. INTRCDUCTION
By '

GoepoN A. RILEY
Bingham Ceeanographic Laboralory

During the last fifteen years, the Bingham Oceanographic Labora~
tory has examined and repcrted on various aspects of the locel waters
off southern New England. Riley {1941) described tke plankton
and sassociated chemical oceanographic faciors in & small area in the
north-central part of Long Island Sound. A study of Block Island
Sound from 1943 to 1846 and again in 1949 resulted in papers on the
fish population (Merrimen and Warfel, 1948, and others) fish eggs
and larvae (Morriman and Sclar, 1852), benthic fauna (Smith, 1850),
and plankton {Deevey, 1052a, 1952b; Riley, 1952b). The 1849
survey, together with observations obtained by the Woods Hole

.Qceanographic Institution in 1946, supplied data for an analysis
of the physical oceanography of the Long Island and Black Island
Sounds (Riley, 19528). '

The region as a whole provides a variety of environments ranging
from open coastal waters to shallow, protected bays and sounds with
markedly reduced salinity., The plankton concentratinn in these
protected waters averages perbaps an order of magnitude larger
than those in exposed seaward areas, although the species composition
ig relstively limited. The quantity of bottom fauna is also large,
and shellfish are commercially important. In Block Island Sound
and the outer coastal region, commercial interests are primarily
centered in the fin fisheries.

It is one of the long term eims of the Bingham Laboratory to
accumulate detailed descriptive information on the populations and
environmental characteristics of several represcntative localities
within this region and to explain the ecological reasons for observed
differences. The region poses a vast number of ecological nuestions,
and the answers, many of which are perceived dimly if at all at the
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present txme, are of gereral interest ‘because the region is snm]ar in
its broad oceanogre.ph.\c &spects to many other temnerate coastel
waters.

. To hst a few of the most general questions: Do the ghallow, protected
sreas produce more phytoplankton than the open waters? Super-
ficially this appears to be 8o, considering the comparative size of the
standing crops, but the latter could be affected drastically by differ-
ences in the rate of removal by feeding or physical dissipation, Are
there regional differences in the efficiency of transformation of phyto-
plankton into aniraal tissue? What mekes one area different from
another with respect to the kinds of large and commercially useful
~ snimels that are produced? “wheai «an ne learned from a broad and
intensive oceanographic survey that will throw light on the prob-
lem of annual fluctuations of fish production and the so-called
“optimum catch'’?

What is the role of {reshwater drainage? How ucmaging are
pollution effects? Does land drainage enrich the coastal area, or is
this effect insignificant compared with the transport of nutrients by
- physical oceanographic processes? What effect do &ilt and bottom
sediments have on the transparency of the water and how seriously

do they influence phytoplankton production and animal behavior?
- The answers to such questions can be obtained only by a lung term
program of broad scope. They are ultimate rather than immediate
problems, and only s few partial answers will be found in the papers
that follow. However, these and similar questions need to be borne
in mind if the investigation of the moment is to make a serious contri-
bution to the over-all problem of coastal oceanography.

With the completion, at least, for the time being, of the Block Island
Sound survey, attention has again been turned to Long Island Sound
(Fig. 1), This is a semienclosed body of water roughly 100 nautical
miles long, with ax area of about 930 square miles. It hase maximum
depth of 100 1n near the eastern end, but elsewhere there is little
water of more than 30 m. At the eastern end there is free exchange
between the Long Island and Block Island Sounds through a series
of passes. Through & narrow chanrel at the western end, limited
oxchange takes placa with the waters of New York Harbor.

The dreinage basin is 13 times the area of the Sound, but more
thar 789, of t" = runoff enters the relatively open eastern end, where
i = effect on th Sound as & whole is minimal, The western end is
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normally about 5% fresher than the eastern end, and there is a
seasonal variation of 2 to 3%, the minimum corresponding with
the spring period of heavy land drainage.

The mean range of the tide is 0.75 m in the eastern end and increases
westward £~ 2.2 m. The volume of tidel inflow is 8.2, of the volume
of the Sound below mean low water. Strong tidal currents are found
in the vicinity of the passes. Farther west the average tidal speed
generally lies between 10 and 60 cm/sec.

The existing information on nontidal currents and transport was
summarized by Riley (1852a). The problem will be reopened later,
It suffices for the present to say that in Long Island Sound, as in many
other sounds and estuaries, there is a tendency toward a two-layered
transport svstem in which a2 relatively fresh surface layer moves

eastward out of the Sound and is replaced by saline water moving -

inward along the bottom. An elementary application of the salt

* continuity principle in the paper cited suggested a total interchange

by trensport end diffusion amounting to about 309% of the volume
of the Sound per month. Turther work by more refined methods
will somewhat modify this conclusion, but it serves to indicate the
order of muagnitude of the exchange rate.

In planning a general oceanographic survey of the region, it is
apparent that descriptive knowledge of local populetions and their
environment, though necessary, is not sufficient in itself to provide
a clear concept of their ecology It is important to determine the
extent to which local populations are modified by transport. Pro-
ductivity must be evaluated in terms of the combined cffects of
enrichment by freshwater drainage, the gain and loss of nutrients
by horizontal water movements, and the local rate of biological
turnover. '

Practical ronsiderations of time and available personnel have made it
deciratle to divide the survey into two phases: For a period of two
vears, heginning in Mearch 1952, weekly observations of physical and
chemical properties and plankton have been obtained at positions
indicated in Fig. 1. This area, while relatively limited, is believed
to be fairly representative of the central basin of the Sound from
Longitude 72°30" W to 73°05" W. At less frequent intervals there
have been bottom fauna collections and various types of physiclogical
studies. Three cruises of longer duration have obtained similar
dats from other parts of the Sound.
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The first products of this investigation are reported herein, with
papers on physical and chemical oceanography and various aspects
of the biological program. Other parts of the survey will be published
subsequently. ' , :

In March 1954, the scope of the investigation was broadened to
zeneral coverage of the Sound at spproximately monthly intervals.
There were four main purposes: (&) To obtain at least a minimum
of data on regionel varietions in populations and seasonal cycles for
comparison with the more detailed survey of these first two years.
(b) To refine present knowledge of the movements of water within
the Sound and the rate of exchange between the Sound and adjacent
waters. (¢) To attempt to distinguish between locel biological events

~and transport effects in the development of pelagic populations.

(d) To budget the cycle of nitrogen (the most important chemical
element from the standpoint of limitation of plant growth) with
respect to internal biological transformations, transport effects,
and freshwater enrichment. This phase of the program is expected
to continue for two or three years.

It is a pleasure to acknowledge our gratitude to the Office of Naval
Research, which has supplied generous financial assistance to the
project. Field work has heen carried out asboard the laboratory
vessel of the U. S. Fish and Wildlife Service Station at Milford,
Connecticut. To Dr. Victor L. Loosaroff, Director of the Station,
and tc Captain Herman R. Glas of the Sraxc WEEELER, we are
deeply indebted for their kindness and help throughout the work.
The work of various members of the group has been aided by part
time undergraduate assistents: Charles E. Weems, Louis K. Mowbray,
Francisco Wong, Jack Fu, and Henry Schurr. Special thanks are
given to Daniel Merriman, who has given his time unstintingly in
gcientific and editorial advice and in administrative work in con-
pection with the project.
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II. PHYSICAL OCEANOGRAPHY |
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Bingham Oceanographic Laboratory A
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ABSTRACT

Temperature and salinity data were cbtained at eight stations in the central part f
of the Bound at weekly or biweckly intervals from March 1952 to March 1854. H
Seasonal trends and differences from one year to the next are disnussed iu relation &
to Weather Bureau data on air temperature and precipitation, Tidal mixing is jj
sufficient to prevent the development of strong stability, aithough & small thermocline 3'
ig present from February or March until the end of August; there is a vertical salinity 4
gradient during most of the year. Direct current measurements indicate a weak 3
nontidal drift, but possibly the currents are nov continuously present, for observa- E
tions on the horigontal dittribution of salinity and density show that conditions 3
favoring the maintenance of density currents ure readily modified by transient 1
{ : winds, 'The distribution of temperaturs and salinity in the Sound »s5 a whole is =
; ‘ briefly described, Recent aud previous current measuremeuts are combined in a “:i
, 15 4
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generalized estimate of east-west mass transport. and prob!emé of transport exchangs

- and salt balance are discussed. 'The seasonal temperature cycle in the central

basin i3 used to caleulats vertical eddy conductivity coeflicients for all of the two-
yoar survey except the periods from mid-August to mid-November. The eddy
coetficients are indeterminnte during the early autumn, and it i suggested that
convection is more important than turbulence in céntrolling this part of ihe seasonal
vyele. Dats on radistion ang witer transparency are presented, and the latter are
analyzed with respect to phytoplankton, winds, currents, and other factors that
afect tranaparency in shallow coastal waters,

TEMPERATURE AND SALINITY DISTRIBUTION
MEeTHODS

Temperature measurements at each station included a bathythermo-
graph lowering from surface to bottom as well as a surface temperature
reading with & G-M bucket thermometer. BTs were read to the
nearest tenth of a degree Fahrenheit at depth intervals of 26 m
end converted to the nearest 0.05° C. Comparison of average surface
readings with the corresponding thermometer temperatures was
used to apply & sysiematic correction to BT readings when the averago
difference was as much as 0.05°.

Water samples for salinity determinations and other chemical
analyres were collected with a Nansen bottle one meter below the
surface, one to two meters above the bottom, and at one or two
intermediate depths, the number dependiug on the depth. Salinities
were titrated according to the simplified method described by Harvey
(1928), using Woods Hole standerd sea water to standardize the
gilver nitrate. The slightly superior accuracy of the Knudsen methed
is hardly warranted in neritic waters where the salinity range requires
the use of two burettes and where local variability often exceeds the
titration error. ’

SeasoNan Cycres IN TEE CENTRAL PART OF THE SOoUND

Fig. 1 shows the temperature and salinity of the inshors waters
from March 5, 1952 to March 10, 1954, Surface values are the
averages of Sts. 1, 6, 7, and 8 (cf. INTRoDUCTION, Fig. 1). Ths bot-
tom temperatures represent depths of about 8 to 12 m and are
averages of Sts. 1, 7, and 8 St. 8, in water of only about 4 m, is
omitted.

The average temperaturc and salinity at offshore Sts. 2 to 5 are
plotted in similar fashion in Fig. 2. The bottom depths range from
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Figure 1. Aversge temperature (°C) and stlinity (°/ce) &% tho surfaco (solld lines) and

bottomn (dashed lines) at {nshore stations in the central part of Long Island Sound, Total

precipitation (om) between successive dates of oceanographic obecrvation.,

18 to 28 m. Included in the figures are data on precipitation (Fig. 1)
and air temperature (Fig. 2) obtained through the courtesy of the
New Haven office of the U. 8. Weather Bureau. Weather data are
recorded at 41° 16’ N, 72° 53’ W, half a mile from Long Island Sound
and about three miles from Sts. 6 and 7. They are plotted here as
average temperature and total precipitation between successive dates
of oceanographic observation. Comnparison of weather data for 1952-
54 with the long-term means of the Weather Bureau shows that in
1952 the summer air temperatures were about 1° C above average, the
autumn temperature approximately normal. But the winter of 1952~
53 was one of the warmest on record, with individual monthly means
ranging from 1.8 o 3.5° C above the long-term average. The spring
and autumn of 1953 were also above average, the summer normal,
Werm weather persisted through December, but January 1954 was
1.4° below normal.
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28

28

24
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Figure 2, Weekly averages of air tamperaturs (°C) recorded by the New Haven Weather
Bureau. Average water temperature (°C) and salinity (°/e0) At surfage (socld Unu) aand
bottom (dotted lines) at offshore Sta. 2 to &,

These differences in air ‘temperature are reflected in sea surface
temperatures. The latter were slightly warmer in the summer of
1852 than in 1953. Autumn coocling in 1853 lagged two or three
weeks behind the preceding year. However, rapid cooling in January
1954 preduced a midwinter minimum that was normsl or perhaps
below average for the area and was nearly 3° colder than the year
before.

The total precipitation was 118 cm in 1902 and 137 cm in 1953,
£s compared with an 81-year mean of 117.5 cm. March and April
1953 were excessively wet, and the salinity dropped off rapidly at
that time. Otherwise there were no marked differences in salinity
between one year and the next. It has been suggested previously
(Riley, 1952) that the volume of {reshwater drainage regulates the
rate of transport exchange, so that the salinity tends to be held at a
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relatively constant level. This theory- is strengthened by the fact
that & 15% increase in rainfall in 1953 had only & smell and transient
effect on the general salinity level.

A smell thermocline wes found each y:ar from Febmary or March
until the end of August. Tidsl mixin g was strong enough so that

- the surface layer was seldom more them 5° warmer than the bottom

water. Positive temperature gradients of ss much as 1° have been
found in winter. ;

A small vertical salinity gradient wasz present most of the time. It
tended to be maintained, irrespective +f thermal! siability, by the
combined effects of freshwater dilutiom of the surface layer and the
inflow of saiine water along the bottom..

FACTORS AFFECTING SALINITY AND DENSITY DISTRIBUTION
IN TEE CENTHAL. BAasmy

Fig. 3 is a chart of the central part of :he Sound, reviewing routine
station positions snd showing. messmrements of nontidal surface

currents.- The latter include estimat=s based on measurements of

tidal currents by the U, S. Coast and (Reodetic Survey and additional
current stationz obtained during the present survey, using the method
described by Pritchard and Burt (1851x, -

Many small streams empty into the Sound along the northern
shore of the central and western basrs, and the Housatonio is &
river of moderste size, accounting fox approximately one-tenth of
the total drainage into the Sound. Pravious surveys have commonly
shown reduced salinity in the norther: inshore waters. This, com-
bined with the evidence from curremi measurements, led to the
hypothesis (Riley, 1952) that a coastmise density current begins in
the vicinity of New Haven, flows westva:d and gives ris¢ to a counter-

-clockwise gyral in tho western half of the Sound.

Between New Haven and the month of the Housatoniz River,
but not including the latter, the to:m. freshwater drainage varies
seesouslly between about 0.3 and 1.» million m*/day. The major
part of this water comes from rivers emptying into New Haven
Harbor. Assuming an average coastmise drift of about two miles
s day (this is the mean of the availeh: current measurements and
18 In agreement with the observed mrovement of oil accidentally
dumped into New Haven Harbor), k¢ drainage could reduce the

~salinity about 0.12 to 0.60 % in & siriy of coastal water two miles
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10" 73° 50 4{0‘ , 30'
, 20
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Figare 8. Chart of central Long Island Sound. Dots and large numbers indicate routine
stations. .Arrovws and smrall pumbers ghow observed direction and speed of nonudal drift ip
centimeters per second, Yalues at 8ts, 1, 8, and 8 were obtalned dwing the pressnt gurvey.
Others are cctimates from Riley (1052) based on U. 8. Const and Geodstic Survey tidal
current ckarts,

wide. The Housatonic River, on the other hand, has a drainage
volume roughly an order of magnitude larger than the figures cited
above, and wherever its outflow goes, it may be expected to have a
correspondingly greater effect cu salinity.

During the recent survey, ebout 59 of the observamons at St. 1
have revealed a markedly reduced surface salinity that was almost
certainly due to Housatonic River influence, - The mouth of the river
is three miles west of St. 1 and oaly slightly beyond the limits of the
normal ebb tide excursion. Hence an occasional effect of this kind
does not seriously contradict the theory of a general westerly drift.

However, for other reasons the theory needs to be re-examined and
somewhat modified. Whatever the actual water movement may be,
it hes become apparent that conditions tending to generate a density
current are not continuously present. Water of relatively low density
has been found only about helf of the time at St. 1. With northerly
and westerly winds it has been common to find water of lower density
in the surface layer offshore; concomitantly, the water at St. 1 has
tempelature and salinity characteristics which are typical of mid-depth
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or bottom water from the offshore region. It has also been common at
such times to find eddies of fresh water containing debris of terrestrial
origin in the vicinity of St. 4. The most likely source of such water
is the Housatonic River five miles to the north. In order to present
the data as & whole in simple form, differences in surface water density
(sigma-t) between Sts. 3 and 1 have been tabulated in the first part
of Table I in relation to wind direction. The coastline in thir area
is oriented approximately SW to NE. Water movement is Jikely to be

somevhat to the right of the wind. Offshore movement is therefore

most likely to occur with north to socutnwest winds.

TasrLeg 1. FrEQUENCY DISTRIBUTION AND AVERAGE MAGNITUDE 0P DENSITY asb
Smm GRADIENTS IN RELATION TO WIND DIRECTION DURING THE
Day PrEceEpING tRE OBSERVATIONE

Wind direction ' ‘ N to ST7 StoXNE
Denasity gradient, + 11 11
St. 3 minus St. 1 - 22 2

Mean -—-.12 .20
Sailaity gradient -+ 11 7
St. 4 minus St. 3 - 21 8
Mean -—.25 A2

Sts. 1 and 3 were ordinarily occupied about 9-10 o.M, Wind data
nre averaged by the Weather Bureau from midnight to midnight.
Thus the most pertinent wind data are for a period of roughly 33 to 8
hours preceding the station observations. This is hardly ideal; never-
theless, the results in Table I clearly show a relation between deusity
distribution and transient winds. Plus signs desiguate the number of
occasions when & positive density gradient was found, a condition
favoring the establishment of a coastwise density ourrent. Minus
signs indicate the frequency distribution of denser water inshore, which
is presumed to be associated with offshore inovement and upwelling.
The next line of Table I is the mean of all observation.s, positive and
negative, for each group.

The seconc half of Table I presents an ana.lorrous comparison of
surface salinities at offshore Sts. 3 and 4.  With southerly and easterly
winds there is no significant difference and none to be expseied. With
northerly and westerly winds, about two-thirds of the observations
indicate a freshening effect, which is postulated to be due primarily
to southward transport of Housatounic River water.
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Although it would eppear in Table I that the wind effect is transient,
it is reasonable to supposs that thers might be a prevailing pattern
of density distribution over a period longer than a day or a few days,
corresponding to patterns of prevailing winds. Table JI shows
vectorial averages of wind speed in miles per hour and direction by
semimonthly periods during the summers of 1852 and 1853. Below
these figures are listed all of the observed differences in sigme~t between
Sts. 3 and 1 for each period; also listed are differences between Sts.
2 and 1. The latter are regarded as somewhat inferior in quality
because the stations are widely separated, but they greatly increase
the total amount of data available for examiration.

TABLE 1I. CoMPARISON OF SEMIMONTHLY AVERAGES OF WIND SPEED AND
DmEection Wi OBszrver HonizoNtal DENAITY GRADIENTS

. J une: Judy —A ugust—s
1562 i~18 = 18-80 1-16 16-81 1-15 18-31
Wind direction : 252 268 200 254 _ 225
Wind zpeed 2.1 1.7 1.7 3.7 0.0 1.5
Density difference, 8-1 —_ .02 -.37 +.17 -.18 -.12
2-1 —.10 —.80 —~.84 —-.87- —.88 — .38
— —-.42 ~-1.28 - .38 .07 .20
— R - 43 —_— — —_—
1558
Wind dirention 250 187 rad 053 087 238
Wind speed 2.3 3.1 0.5 0.1 1.3 2.2
Density differencs, 3-1 ~.38 .07 .25 .0 .08 -~ .45
_‘38 J— —_— — — —_
2-1 —-. 11 ~.20 -.20 .00 .08 —.25
-.18 .38 03 —.16 .00 -.40
- .07 -— —_— — e -—

During the summer of 1052, the prevailing winds were westerly,
aud thc preponderance of negative gradients indicated considerable
offshore movament and upwelling. The winds were southerly and
easterly for two months in the summer of 1953. A majority of the
horizontal gradients at that time were positive, suggesting that the
inshore weter mass was sufficiently stable to become freshened by
river drainage, even though the latter is relatively small in summer,

Differences of this type from one yesr to the next may be important
biologically. Many species of bottom invertebrates find a suitable
substrate only in the inshore waters, and successful reproduction
requires that their planktonic larvae reach the stage of metaumorphosis
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masas during the period of planktonic existence therefore favor &

successful year. class. The pattern of prevailing winds may also
affect phytoplankton production. However, the latter i= a much
more complex problem, since it involves the effect of wind on both
physical dispersal and the rate of supply of nutrients by upwelling.

The remainder of the iwo-year period hzs been examined in the
same way. Qualitatively the relationship between winds and density
distribution holds throughout, but the quantitative aspects of the
relationship vary considerably from one season to another. There
are periods in autumn and early winter when strong westerly winds
have little effect on the density distribution. This simply means
that the Sound is thoroughly mixed and that no amount of upwelling
can create 2 pronounced horizontal gradient. Contrariwise, during
the spring peak in freshwater drainage, positive density gra&ent.s
tend to be maintained despite northerly winds.

Witk regard to the other inshore sampling positions, St. 6, just
insgide the New Haven Harbor breakwater, ordinarily had a elightly
reduced salinity, as might be expected. St. 7 occasionally showed
glight harbor influence on the ebb tide. None was noted at St. 8,
which is in an area where previous studies suggested the possbility
of a diffuse northerly drift, completing the postulated counterclockwise
gyral in the western half of ths Sound. No definitive evidence on
this subject has since been obtained. However, salinities have been
generslly similar to these at offshore St. 2 and have exhibited no
freshening effect that might be duse either to easterly movement from
New Haven Hsarror or to a coastwise density current originating
from the Connecticut River,

HorizoxnTar DisTRIBUTION IN THE SOTND 48 A4 WHOLE

Previous observations on the general distribution of temperature
and salinity in the Sound have been summarized by Riley (1952).
Since that time, three additional cruises have been made. Surface
observations are shown in Figs. 4 to 6. The east~west salinity gradi-
ents and the seasonal! change in salinity are more or less similar to
what has been described before. Fig. 5 represents & typical autumn
distribution, with relatively high salinity throughout the Sound.
During the two apring cruises the rivers were in flood, and Tigs. 4 and
6 show the effects of freshwater drainage to an extreme degree. The
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TEMPERATURE

Figure 4, Surface temperaturs (°C; and salinity (%/ee), Juns 4 to 11, 1962 Douts indicate
positions of cbservation.

outflow from the Connecticut River was largely responcible for
reduced surface salinities in the eastern end of the Sound. This
outflow was readily observed at sea as a muddy surfaece layer with
clearly defined boundaries, in one cage extending all the way from
the mouth of the river to its exit through the eastern passes. The
maximum observed westward extension of the muddy water was
scme five miles wesat of the mouth of the Connecticut River.

EAST-WEST MASS TRANSPORT

In this Sound, as in many other sounds and estuaries, current
profiles of the sort shown in Fig. 7 generally indicate that the ebb
is stronger than the Hood in the surface layer but weaker than the
flood in the bottom water. Averaging through a tidal cycie at the
particular current station figured, it was estimated that the surface
water moved 6.5 km east, the bottom water 2.2 km west, giving &
total divergence of 8.7 km or 4.7 nauticel miles during & comnlete
tidal cyele.

LeLacheur and Ssmmons (1832) described an extensive set of
surface current measurements at Bartlett Reef Lightship in the
eastern end of the Sound. Their series extended from August 1929
to March 1930, duiing which period the monthly averages for nontidal
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Figure 8. Surfare temperature (°C) and salinity (°/e0), April 8 to 18, 1853,
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CENTIMETERS PER SECOND

Figure 7. Olservatiuns of tidal currents at an aachor station In east~central Loug Island
found (Iat. 41°11. 0N, Long. 72°29.4"W) on April 6 and 7, 1853. Measurerients wore
obtained with Pritchard and Burt (1651) current crosses at ona-hour latervals, and ths two
seta of proflles shown were the cres nearest midebb and midfood.

drift were invariably southeasterly, toward the mouth of the Sound.
Monthly averages ranged from 5 cm/sec. in September tc 14 cm/sec.
in January. There was & feirly close relationship bstween monthly
veriations in current speed and the discharge from the Connecticut
River during the same period, as reported by the U. 8. Geological
Survey Water Supply r*apers. Studies of exchange by the salt
continuity principle (Riley, 1952) indicated a similar correlation, and
it was postulated that freshwater drainage controls the exchange rate.

The total freshwater drainage averages sbout 359, of the volume
of the Sound in a year’s time. The freshening effect observed at
any one time is slight, which means in essence that the volume of
transport exchange is much larger than the drainage volume. The
salt continuity analysis mentioned above indicated that the total
inflow of saline water along the bottom amounts to some 3.8 times
the volume of the Sound in & year. However, this gross exchange
rate for the Sound as a wholz is not necessarily applicable to any
particular locality. The matter needs to be examined more fully, with
particular emphsasis on local variations in transport exchange, because
much of the discussion of biological and chemical oceanography will
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hixige upon the relative stability or mobility, as the case may be, of
populations and chemical elements. Material is not yet available for a
definitive treatment of the subject, including the effects of both

currents end diffusion. However, diffusion appears to be relatively .-

insignificant in estuaries (Pritchard, 1052), so that an evaluation of
mass transport from observed currents should give a sufficiently
accurate estimate of exchange for present purposes.

Important as nontidal transport may be, its actual volume is small
compared with ordinary tidal oscillations, and it is readily modified
by winds and density currents. Variations in residual flow of more
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Figure 8, Pogitions of current statons (dots; and proflles used in the caloulation of

east-west transport, P

than 209, have been noted between one tidal cycle and the next under
conditions thet seemed to be reasonably comparable. Much of the
available station deta includes only one tidal cycle. Hence there is
no likelihood that all of the observed variation from cne station to

the next is real. The problem then is tc determine whether it is
possible, by statistically combining many stetions, to derive & con-

gistent pattern of meass transport.

Fig. 8 shows a pattern of stations that will be used for estimating
sast-west transport across the lines indicated in this figure. The
data were obtained in the summers of 1880, 1917, 1929 (LeLacheur
and Sammons, 1832) and 1253, ‘The published dats listed the dura~-
tion and maximum velocity of flood and ebb at the surface and usually
at two or three subsurfuce levels. Residual tranaport was calculsted
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Figure 9. Estimated nontidal drift {n nsutics] miles per tidal eyclo through thres of tha
proflles shown in Fig, 8. Poutive numbers indicate eastward moveapant, aegative numbars,
westward,

by assuming that the mean velocity was two-thirds the maximum,
multiplying this figure by the duration, and then taking the difference
between flood and ebb. The 1953 date, consisting of half-hourly
readings at four to six depths, were numerically integrated. through
the tidal cycle. Fig. 9 in an example of the type of results obtaiued.
Transport is shown in nauticel miles during a tidal cycle through
three of the profiles previously identified by lines and numbers in
Fig. 8.

The profiles provide a basis for calculating the volume trausport
through successive cross sections of the Sound. However, the amount
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of variation from depth to depth and frora one station to snother
introduces a subjective element into the interpolation. The results
of the calculetions, which must be regarded as tentative because of
the many possible sources of error, are presented in Table I1I.

TABLE III. Vortue TRANSPORT ni M? rER SECOND THROUGH PrOFIES 1 TO 7

(F1o0. 8). Posrtive NuMBERS INDICATE EASTWARD MOVEMENT; NEGATIVE
. ARz WESTERLY

Denth . _ Profile —_—
Meters 1 g 32 4 & ) 8 7
0-5 680 740 860 2100 4830 7130 0150
5-10 320 B40 430 760 750 4870 4830
10-15 100 —130 ~240 -70 -1480 |

15-20 — —  -330 —#40 —1380 { A3 4010
20-30 — —_ —  ~1390 —2830 —-4100 —
3040 — — — _ — —8840  —
40~50 — - - — - —4070 —
Surface layer = 1100 1280 1340 2880 5580 14,130 18,800
Bottom layer 0 —130 =570 —2300 —5600 ~ —15010  —

The smount of bottom inflow at profile 7 cannot be determined
because there were not enough deep weter measurements. At profile
6 the bottom transport is about 15,000 m®/sec., and it declines steadily
to zero at the western end, Clearly the attrition of the bottom layer
is due to upwelling, with corresponding augmentation of the surface
transport. The calculated mean rate of upwelling required to satisfy
the principle of mass continuity is very small. In most of the central
and western pert of the Sound it is of the order of 5 to 8 cm/month and
increases eastward to & maximum of about 45 cm in the vicinity of the
passes.

It would eppear that about 1100 m!/sec. eater the western end of
the Sound and flow eastward as part of the surfare layer. The latter
is further augmentoed by freshwater drainage, nmounting to about 300
m*/gec. in summer in the whole of the Sound. Thus the surface
outfow at the eastern end should exceed the inflow by about 1400
m?/sec., but the transport 2stimates are not accurate enough to show
this. .

Fig. 10 is s diagram of transpor: exchange derived by combining
theoretical considerations and calculated transport. The difference
between surface and bottom flow, 1100 m?/sec. at the western end of
the Sound, gradually increases to 1400 m® in an easterly dirzetion in
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Pigure 10. Calculated eastward surfaoe transport (dots) and westward bottom transport
(circles), and a schematio trangport diagram derived from ths caleulationa,

accordance with the known addition of fresh water. The total
exchange increases ag & smooth curve that is fitted as well as can be
to the calculated transport data. The results, which appear to be
internally consistent, agree more or less with previous caleulations
of inflow by the salt balance method. The latter gave a generalized

estimate of 8400 m?/sec. during the summer of 1846, a figure that falls -

within the limits of variation of observed transport, as might be
expented. :

Fig. 10 indicates that transport declines rapidly toward the central
ares, which is particularly concerned in the preseut survey. Three
months appear to be required, on the average, for bottom water
to m*ve through the 20 minutes of longitude occcupied by the eight
routin. atations in the central basin, two months for the eastward
transpoat of surface water. Obviously small parcels of water can
be expecit 1 to move through the area much more rapidiy than the
general & rage. Nevertheless, the central water mass appears to
be much let3 mobile than might have been supposed un the basis of
salt balance calculations for the Sound as a whole,

There is the further implication in these results that freshwater
dilution of the central and western parts of the Sound is largely of
locel origin. If eny considerable fraction of the drainage from the
large eastern rivers penetrated into the central basin, the compensating
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Figure 11, lengitudinal profiles of tewnpernture (°C) and galinity (°/=) in Long ldsnd
Bound, ;

transport would have to be much larger. So far us direst sbserva-
tions ure concerned, no evidence has thus far been found eitrer of &

coastwise density current originating at the mouth of the Conaesticut

River or of offshore eddies moving west from the main mass of river
outflow. B

Fig. 11 shows two sets of longitudinal profiles of temparat e and
salinity. They are included here rather than in the section vn hori-
gontal distribution for convenient examination of the relations+ etween
mass transport and the dirtribution of conservative properties . The
salinity diagrams clearly show the westward penstration o' ssline
water along the bottom as well as the resulting zlope of the is:haline
surfaces. There are a few isolated pockets of water of different
selinity that suggest variations in transport of one kind or auother.
There are also indications in routine station data for the cential part
of the S8ound that the influx of saline bottom water may be sormewhat
intermittent.

The effects of east-west transport may be detected in the & - s
ture distribution during the autumn cruise (see Fig. 11), but tsv o-.

not apperent in the spring cruise. In genersl, local surface ticating

and cooling are more important than transport in determiri-g the
character of the temperature distribution. In the next sectinr, tow!
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temperature data in the central part of the Sourd will be vsed to
calculate ccefficients of vertical eddy conduetivity. The calculation
will assume that the effects of transport and horizontal diffusion are
negligible. The seasonal rate of change in temperature is many times
le~ger than any changes thet could be preduced by average east-west
transport. To that extent the assumption is justified. However,
it is apparent in examining Fig. 11 that more serious errors of & degree
or two in a week might cceur if there were occagional large fluctuations
in the rate of movement. Such errors can he eliminated only by
averaging the data for periods of several weeks or months.

VERTICAL EDDY CONDUCTIVITY |

The seasonal temperature progression and the vertical temperature
gradients provide informaticn that can be used to determine eddy
conductivity coefficients. Their evaluation at this time will illustrate
certain aspects of the thermal cycle in the Sound and will provide
data for later analyses of nutrient snd production problems. The
later applications will presuppose that coefficients of vertical eddy
conductivity are the same ss the diffusivity coefficients. This is
a debateble point. There are certain theoretical reasons for believing
that thermal coefficients should be larger. On the other hand, Riley
(1951) examined eddy coefficients calculsted from both temperature
and salinity distribution and detected no essential difference. There
is undoubtedly less error in using temperature for this purpose than
in attempting the more complicated and unwieldy determiustion of
eddy diffusivity as indicated by salinity distribution.

Ignoring the effects of advection and horizontal mixing, the vertical
flux of heat attendant upon surface heating and cooling may be written

A oT

F:..T._a;. (1)

- F is the rate of passage of heat through one square centimeter of

horizontal surface at any specified depth. A4 is the coefficient of
eddy conductivity, p the density, and 8 T/9 z the vertical temperature
gradient.

Under the simplifying assumptions that have been adopted, the
heat flux is readily obtained {rom observed water temperatures.
Suppose that, in a total depth of water of 20 m, the lower 10 m in-
creases half a degree in & week’s time, The amount of heat that has
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'passed t.hmugh 1 cm? of horizontal arzs at & cepth of TO m is 500 g
, snd . , ,
: 500
Foeo—— =0 8~3 X 10=¢ g cairsec
7 X 86400 -

Farther, suppose that during this time the temperature in *he vieinity
of the 10 m level—say between § and- 12 m—— ras shown an averuge
negative gradient of 0.5° C in the 4 m interval. The density is about
1.02. Applying equation (1) ir finite difference form,

-4 =03

0.83 X 107 = —= . — ,
102 4 X 10°

A = 0.88 g cm™'sec™.

In applymg thls mpthod to the seasonal temperature cycle in the

Sound, it is necessary to develop an anslysis that takes due account
of both the inherent limitations of the data and the further uses for the
calculated coefficients. First, it is apperent that relatively small
sampling und analytical errors can sssume serious proportions in
any calculation requiring the use of gradients. The only way to
minimize such errors is to combine data. It is therefore advisable
to calculate average coefficients over considerable perieds of time
and also to combine stations when this can be done in & reasonable
way. In the present case, Sts. 1, 7, and 8 are of comparabie depth
and will be combined into a single analysis. Also Sts. 2 and 4 will
be combined, as will Sts. 3 and 5. The fact that the stations in each
group are of eimilar depth 18 important for present purpnses, and there
is another and more practical reagon for combining them in this way.
Oxygen and phosphorus were sampled at approximately the same
depths within each of the proposed groups. It will be necessary
later to calculate the rate of exchange of thest elements between
the depths sampled, and therefors the eddy coefficients must be
calculated for the same depth ranges. This is done by averaging
vertical temperature gradients between 0 and 5 m, 5 and 10 m, ete,,
and determining the heat flux through the midpeints of each stratum,
namely 2.5, 7.5, and 15 m. This operation is facilitated by the fact
thet temperatures were obtained from bathythermograms and could
be read easily at any desired depth.

With regard to the seasonal cycle, eddy coefficients are most easily
obtained during the spring and sunimer warming period, when vertical
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temperature gradients are fairly pronounced. This period may be
analyzed as a wh~le or broken up into smaller units. With iater
biological needs in mind, it was desirable to divide into three units.
- The first was relatively short, encomnpassing the spring diatora flower-
ing or as muck of it as occurred within the limits of vernal warming.
The remsinder was divided into two approximatel’y equs! perinds,
the first constituting post-Sowering spring conditions, the second
including most of the summer. ‘

About the middle of August or the ﬁrst of September, the water
column began to cool fro:x surface to bottom. Vertical temperature
gradients were small and variabie, but the sverage condition for the
next three months was a slight negetive gradient. Under such
conditions vertical eddy conductivity could not be calculated and
probably was less important than convection in controlling the seasonal
temperature change.

During the remainder of the cooling period, from mid-November
until late winter, the comwon condition was isothermal water or a
glight positive gradient, Coeflicients of eddy conductivity could he
c~lculated, but they tended to be large and highly variable. What
appeared to be . reasonable average could be obtained by combining
large quantities of dats, although there is some liklihood that con-
vection continued to be important during this peried. With reserva-
tions because of th's possibility of error, generalized averages for
winter eddy conductivity are as follows: 0 to 5 m, 24 g cm™sec.~!;

TABLE IV. Co=rricients oF VERTICAL EnDY CoONDUCTIVITY (G CM™l8ECT)
CALcTLATED FROX UB3EnYED TEMPERATURE DISTRIBUTION AND
SzasoNarn Crcrzs

Stations —1, 7 £, 4 , 8.6

Depth range

in melers 0-5§ 6-9 0% 610 10-20 0-5 5-15 16-26
1952

Yar. -May 21 1.3 0.51 1.76 1.80 1.16 2,12 2.08 (.68

May 21-Aug. 18- 0.85 0.22 075 0.68 282 140 133 2.77
1853

Feb. 10~Mar, 16 2.13 355 1.08 1.28 2,70 1.10 1.62 2.70

Mar, 16~May 15 1,10 035 0.3 0.79 3.38 1.0 1.75 1.87

May 18Aug. 25 938 019 0.79 0.82 1.30 2.16 1.3¢ 1.41

1054
Jap, 25-Feb. 24 5.5 1.81 1.13 226 233 6.1 6.1 2.80

AT



1956) Riley: I1. Physical Oceanography 35

5t012.5m,0.8;12.50tu 20 or 25 m, 9.0. These figures are baged on all
available station dats from mid-November until the end of the winter

“cooling period for both yeers of observation. Calculated values for
the spring-summer warming pericd are shown in Table IV. All of -
these coefficients are much lese than those in winter. Minimum values

are found in the surface layer or at mid-depths, depending “pon the
position of the thermocline. The coefficients are not sericusly reduced
in the deepest water examined, presumably because of strong tidal
mixing.

RADIATION AND TRANSPARENCY
RADIATION

Data on total daily radiation in g cal/cm? are recorded by the U. 8.
Weather Bureau st two stations on Long Island. Iocal variations
are important enough so that it wes desirable to obtain estimates
of radiation nearer the scene of oceanographic operations. The New
Heaven Weather Bureau is favorably situated but records only the
number of hours of sunshine and the amount of cloud cover. How-
ever, statistical analysis of a two-year set of data {rom New York
City indicated that measurements of the total amount of surshine

recorded at New York could be converted to estimates of total .

radiation with sufficient accuracy for present purposes. The analysis
was not significantly improved by including a termn for percent of
cloud cover, presumably because the effect of clouds on radiation
depends more upon their quality than upon the total amount.

In estimating total radiation for the New Haven areas, the per-
centages of totai possible sunshine were averaged for the periods
between successive weekly cruises and applied to a graph conatructed
on the basmis of the New York analysis. The graph contained a
systematic correction for the effects of metropolitan haze in New
York, which was obtained by adjusting the New York figures to the
mean values obtained at the Long Island Stutions. The net result is
that New Haven estimates may cortain a small systematic error, but
fluctuations from week to week in the area of oceanographic operations
ghould he relatively accurate. Fig. 12A shows the radiation estimates
for New Haven, together with monthly averages of the pyrheliometric
measurements at the two Long Island stations.
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Figurs 12, A, Direct plus diffuse solar racdiation, Dots and cireles are monthly averagas
of pyrhelometric measurements by the U, 8, Westter Bureau &t two stations on Long
Ialand, Bolid line shows weekly nverages of estimates obtained for the New Haven area by
metheds described In the text. B. Estimetes of averags extinciion coefficiants in the in.
shore and offshors waters based on Secchi disc readings.

MEASTREMENT OF TRANSPARENCY

Two methods have been used to measure the transparency of Long
Island Sound waters. The first is the so~called Secchi disc reading;
& 2u cm white disc is lowered in the water, and the mean depth of
disappearance and reappearance is recorded. Results are shown in
Fig. 12B as estimated average extinction coefficients at inshore and
offshore stations, determined by application of the Ponle and Atkins
(1929) formula, L
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where K is ihe extinction coefficient per meter and 4 is the Secchi
disc depth in meters. The second measurement was & phntoelectric
determination of the extinction soefficient of red light in each water
sample, using & Klett 68 filter, with ordinary laboratory distilled
water as the reference blenk., The primary purpose was to obtain
g correction factor for turbidity in colorimetric determinations of
phosphate. The measurements were made in 8 4 cm cell, which is
not long enough for highly accurate determination of trauspaxency
Nevertheless, they are useful for detecting gross changes in trans—
parency with depth.

In other papers of this series it will be necessary to calculate the
light intensity at various depths. In general, the Secchi disc readings
are sufficient. However, in particular cases the extinction coefficients
varied so markedly with depth that a correction factor seemed desirable
if it could be cobtained in s reasonable way According to Jerlov
(1951), the two types of measurements are not strictly comparable.
Moreover, a measuremcnt with red light minimizes the effect of
dissolved *‘yellow substance’’. Notwithstanding these technical ob-
jections, there is a moderately satisfectory empiricel relation hetween
the two sets of measurements. Statistical comparizon of some 460
gsurface water extinction coefficicnts with the corresponding Secchi
disc readings shows a correlation of 0.74 and yields the equation

K = 96K, + 246, 3)

where K is derived from the Secchi disc reading according to Aequation
{2) and K, is the extinction coefficient for red light as determined above.

ANALYS18 OF FACTORS INFLUENCING TRANSPARENCY

It hes been recognized for many years that light extinction in |

sea water is a complex process involving absorption and secattering
by the water, dissoived solids, and & variety of suspensoids, The
latter inciude plankton, planktogenic detritus, and-—particularly
near land—bottom sediments in suspension and particles of terrestrial
origin. '

In Long Island Sound all of these factors are expected to be opera-
tive. In waters of this type, no oae has tried very rard to formulate
a quantitative expression for the various factors that govern trans-
parency, although it is not only & problem of considerable intrinsie
interest but also has an important bearing on several aspects of
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biological oceanography. Sufficient data have now been amaesed
for u cursory analysis of transparency in the central part of the Sound.

First to be considered is the general problem of absorption and
scattering of light by plankton. Rodhe (1948) and others havs
measured the extinction coefficients of pure algal cultures and have
found, in any one species, & nearly linear relationghip between ex-
tinction and cell pumber or chlorophyll concentration. Clarke (1846)
compared pigment measurements of natural phytoplankton popula-
tions on Georges Bank with Secchi disc estimates of transparency and
demonstrated a significant relationship between them. In an attempt
to refine this ecomparison, Fig. 13 presents a group of data that is
believed to represent the relation in its simplest possible form, namely

(8) observations during the spring fowering or Georges Bank, &

period when a repid reduction in transparency coincided with the
increase in phytoplankton, and (b) all available observations in deep
oceanic waters, where it may be presumed that particulate matter of
nonplankton origin is minimal. Phytoplankton concentrations are
expressed as Harvey units of plant pigments per liter, 8 type of meas-
urement that will be discussed in the next paper of this series. The
extinction coefficients were obtained photometrically in a few cases,
but most of the values are converted from Secchi disc readings aec-
cording to equation (2).

The semilogarithmic plot in Fig. 13A is necessary in order to picture
the total range of phytoplankton variations, which encompsass more
than three orders of magnitude. However, the method of preséenta-~
tion obscures the form of the relatiouship. Hence the smooth curve
that hes been fitted to the data is repeated in arithmeatic form in
Fig. 13B. There it is apparent that, unlike algsal cultures, the relation
betwesn phytoplankton concentrations and extinction coefficients in
the sea is nonlinear.

The smootk curve in Fig. 13 corresponds to the equation

K=04+2X%X10"¢P +2 X 10~ P, @

where K is the extinciion coefficient and P is Harvey units of plant
pigments per cubic meter. The coustant in the equation is an average
sbsorption coeflicient ‘for visible light in pure water. The terms for
plant pigments were derived empirically as & reasonsble fit for the
date in Fig. 13 and other more recent obzervations that should be
considered in this connection.
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Most of the recent observations in Long Island Sound have been
measurements of chlorophyll rather than total plant pigments. By
applyicg sn average conversion factor, eguation (4) is translated to

= .04 + .0088C + .054C*, (8)

where C is ug of chlorop‘my]l a per liter.

Observed values of K in the Sound have ranged between 0.25 and
2.9 except during red tides in New Haven Harbor (Conover, 1954),
when & maximum of 5.5 was abtained. Application of cqusation (5)
indicated that phytoplankton acccunted for a considerahle fraction

of the total extinction. However, the observed values were almost’

invariably lerger than the estimates derived according to equation
(3). The difference averaged 0.45, with a standard deviation of &
0.23. It seems likely that most of this additional absorption and
scattering was due to the presence of silt, suspended bottom materials,
and planktogenic detritus held in suspension.
 In a series of eight red tide observations, with extinction coefficients
ranging from 1.i2 to 8.5, the average difference between observed
end calculated coefficients was 0.37, or approximately the same as
that obtained for the data as a whole. The maxinium chlorophyll
concentration was 314 ug/l, over 20 times the largest value in Fig. 12
and yielding an estimated extinction coefficient of 5.3 by applicetion
of equation (5). Thus the latter appears to account for the effect
of phytoplankton on extinction with a reasonable degree of accuracy
throughout the entire range of observed variation.

In further examination of the nonlinear tendencies in Fig. 13,

the best straight line fit was calculated and then extrapolated to tke

level of the red tide observations. With a chlorophyll concentration
of 314 ug/l, the estimated extinction coefficient had a fictitiously
high velue of 8.5. Alternatively, a straight line fitted to all data,
including red tide observations, would seriously overrate the phyto-
plankton effect in very transparent ccean waters and underrate it in
waters with moderately high extinction coefficients of 0.5 to 1.0.
There remeins the question of the reason for differcnces between
natural phytoplankton populatiozs and pure algal cultures. In the
latter, both scattering and absorption are expected to be proportional
to cell number, so that the results approximate Beer’s law, although
the process is much more complicated than in the case of materials
in solution. In a mixed phytoplankfon population containing celis
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of varinus shapes, sizes, and optical properties, the relations between
scattering and absorption are likely to be seriously aitered.. The

- pigment concentration is roughly correlated with the volume of cell

material; hence it might be expected to serve us an index of absorp-
tion. The details of the scattering process are not understood,
but probably it is primarily & ifunction of the area of the cells rather
than of their volume. This is sufficient reason for the relation between
phytoplankton and extinction coefficients to be much less precise in
the sea than in pure laboratory cultures. Moreover, it seems to
be true, as & broad generalization, that naked flagellates and other
small species are more nearly constant in number than diatoms and
other large species. The latter dominate the flowerings but are of

~ littie significance when the total population is small. Thus the ratio
of total area to total volume tends to decresse as the population

increases. Whether this is a satisfactory explanation of the non-
linear tendencies in Fig. 13 will require further investigation. What-

‘ever may be the full explanation, equation (6) presents a sufficiently

accurate account of the relationship te provide an entering wedge for
the investigation of the other factors that are involved in the trans-
parency of coastal waters.

It has been suggested above that bottom materials and other non-
living pearticulate matter are responsible for the differcnce between
observed extinction coefficients in the Sound and the cale:ilated
extinction by phytoplankton cells. If this is so, there should be a
correlation with winds, depth of water, and other factors that affect
the suspension and settling rates of such materials.

A relationship belween transparency and depth of water 1s indicated
by inspection of inshore and offshors averages in Fig. 12B. The
correlation is significant. With'n the depth range of the stations
occupied, namely 4 to 30 m, the statistically computed correction
facior is — 0.01 d. In other words, there is an average decrease
of 0.01 in the extinction coefficient per increase of one meter in the
depth of the station. The computation makes due allowance for
differences in phytoplenkton concentration and thus it is intended
to express the relation between depth and non-living suspended matter.

At certain stations the occurrence of surface eddies of reduced
salinity coincided with low Secchi disc readings. There is no doubt
that silt effects are appreciable in the Sound. However, the obvious
effects in the central basin are of jimited area, and general correlations
with recent rainfall arc too low to warrant inclusion in the analysis.
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Ip considering the effects of wind, it was apperent that transient
storms might reduce the transparency msterially, while the average
wind speed over a longer period might elso be important in controlling
the suspension of fine materials. In investigating this problem, the
mean wind speed was tabulated for the day of observation as well as
the preceding day, the preceding week, and mocth. The means
were then correlated with a residual extinction coefficient, obtained
by removing the chlorophyll and depth effects from the observed
extinction coefficients and averaging the residuals for each of the 96
days of observation. All carrelations were statistically sigmificant.
The mean wind during the preceding week yielded the highest cor-
relation and was adopted for subsequent analyais.

It is expected that the stirring action of the wind will be materially
reduced by vertical stebility. Using the difference between bottom
and surface density as & rough expression of stability, it was possible
to demonstrate a small but significant negative correlation with
residual extinction coefficients. However, to be satisfactory from the
physical oceanographic point of view, wind and stability should be
combined into & single expression which recognizes the existence
of & stirring effect in water of indifferent stability and a gradual
reduction of that effect with increasing stability. Development of
such an expression would be faciliteted by & more precise knowledge
of the nature of the physical relationship. Alternatively, by trial
and error and using statistical methods to test the results, it was
possible to formulate an expression that was empiricelly satisfactory
but not necessarily correct from a physical standpoint. It was
018 W/.3 + Ac, where W is the mean wind speed in miles per hour
during the week preceding the observation, As, the mean increase
in density from surface to bottom at the beginning and end of the
week, : '

Tidal currents also presumably affect transparency in shallow
coastal waters. Mean tidal currents have been computed from data
on tidal height in the Sound (Riley, 1952). In the central region
the current speed is 19 cm/sec., averaged through & complete tidal
cycle at & time of everage tidal height, The total variation between
lowest neaps and highes. spring tides is about 13 to 28 cm/sec. Tidal
currents, estimated from the predicted height of the tide for the two~
year period of the investigation were averaged by weeks. There
was a significant correlaticn between residual transparency and the
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mean current speed during the preceding week, and the average effect

-was computed to be .013 v, where v is ths average current in centi-

meters per second. There was no evidence that the tidal factor
was gignificantly modified by veriations in vertica! stability, although
observations at current staticns suggested that stability has & slight
effect on the vertical velocity gradient.

Finally, inspection of the dats indicated an increase in remdual
extinction coefficients during the summer months which could neot
be accounted for by any of the variables thus far examined. Two
possible explanations may be offered. Tirst, there is & szasonal
variation in the ratio of chlorephyll coatent to phytcplankton
organic matter (see the accompanying paper by Harris and Riley),
so that chlorophyll may not be entirely acceptable as an index of
light extinction by phytoplankton. In the second place, there is
evidence, visusl and otherwise, of considerable quantities of organic
detritus in the water during the summer. Nets are often clogged
with elimy brown material containing little recognizable plant sub-
stance. It is apparent {see the accompanying paper on PrRopUCTiON
aND UrrLizatioN) that a considerable proportion of the spring phyto-
plankion growtn settles to the bottom and is not immediately decom-
posed. Summer on the other hand is & period of active bacterial
growth, accompanied by reduced oxygen in the lower part of the water
column and increasing phosphate concentrations. Bacterial activity

- appears to exceed production, and presumably the excess spring growth

is largely decomposed during this period. The bottom appesars to be
& more important sita of decomposition than the water column, but in
both casas the intermediate steps in decomposition can be expected to
produce light, finely divided material that is eusily carried in suspen-
gion.

Both of the phenomens thsat have been described might be expected
to influence transparency, although neither can be rated precisely
in quantitative terms. KExamination of the data shows that the
summer increase in residual extinction coefficients is approximately
proportional tc the oxygen deficit, defining the latter as the percent
undersaturation of the bottom water or the percent difference between
surface and bottom when the surface layer is undersaturated. 1t is
statistically justifiable to use the oxygen deficit in the analysis, but
with some reservations es to the meaning and validity of the term.

The final form of the equation may now be written
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X = f(C) — .01d + .018 id
: RN

AO’g

+ 0130 + .0063/(0:) + .05. (6)

The chlorophyll relationshjp in equation (5), but not including the
constant, is specified f(C"}, and the percentage deficit of oxygen ihat
has just been described is written f(0;). Other factors have been
sufficiently described above. The final constant is statistically
derived. It differs little from the absorption coefficient for pure
water, but tkhe form of the equation is such that this fact has little
significance.

Discrussion

Fig. 14A compares observid end calculated extinction coefficients,
and Fig. 14B shows the seasonal variation in the individual com-
ponents of equation (6). There is & correlation of 0.86 between
observed and calculated values. The correlation is highly significant,
statistically but not very precise by absolute standards. The general
seasonal trend of the calculated curve is realistic, but short period
fluctuations show considerable error. Perhaps the agreoment would
have been closer if a more accurate method had been used to measure

transparency. Other rendom arrors undoubtedly result from local
variability in density, OXygen, etc. Observations at five stations
can hardly be expected to give typical, average \alues for the region

on & particular date.

In particular cuses there are readily observable reasons for disagree-
ment. For example, on January 27 end December 16, 1953, the
observed extinction coefficients exceeded the calculated ones by about

0.50. Both sets of cbservations were preceded by heavy northwest

storms. In both cases it was only the northern inshore stations
that were seriously affected. In other words, immediate wind effects
can be more important than is indicated by general statistical com-
parison. However, to fit them into tha general equation would
require en elaborate treatment of both the speed and direction of
the wind in relation to the particular ares sampled.

With the possible exception of the phytopiankton treatment, all
of the terms in equation (6) are of locel significance ouly. Depth,
current, and wind-stebility factors presumably are subject to great
variation according to the kind of bottom sediments available for
suspension. This would introduce an element of empiricism even
if the physical oceanographic processes were expressed in a fuily
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acceptable manner. A revision of the unalysis may be desirable
when the remainder of the survey has been completed. The latter
will increase the total depth range to 100 m and hence will provide a
hetter set of data for testing nonlinear characteristics or possible
combination with other factors, and will also permit examination
of a wider variety of tidal velocities, bottom sediments, aud drainage
conditions.

Despite the need for a bitter theoretical understanding of the
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transparency problem and for more data to test any theory that is
propoused, the statistical treatment has given some insight into the
relative importance of factors which hitherto have been discussed
only in qualitative terms. Perhaps the most important conclusion
from the standpoint of later biological applications is that two-thirds
of the light extinction is caused by nonlving particulate matter in
suspenaion. This condition must have a serious effect on the ef-
ficieney of plant producticn, particularly during the period from
September to March when there is an abundani supply of the nu-
<rients nscessary for plant growth.
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ABSTRACT

Nitrate is virtually absent from the water column from tke end of the apring
flowering until the following Beptember; a gradual increase follows, culminating in
a midwinter maximum of some 20 ug-at N/l The phosphate ccacentration is about
0.5 ug-at P/l at the end of the spring flowering, declines a little more during the
spring months, then increases slowly through the summer snd more sharply in
autumn. Even in midwinter, the NP ratic i3 only about 8:1. Oxygen iz reduced
in the bottonr waters in summer, with minimum concentrations of abcut 509 satu-
ration. Data cn the chlorophyll content of phytoplankton and on the displacement
volume of zooplankton are ineluded for comparison with chemical cyecles, The
available information on the horizontal distribution of phosphate, nitrate, and
cblorophkyll is exnmined. It is postulated that the two-layered transport system in
the Sound providns a mechanism whereby plant growth and scecompanying positive
gradients in nutrients automatically lead to retention of nutrients within the Sound
and ragulete the supply at a alightly higher level than that in adjacent oceanic wnters.

METHODS

Oxygen was determined by the Winkler method. Prepared samples
of 100 ml were titrated with thiosulfate of & strength such that the
titer approximated milliliters of oxygen per liter in tihe sample. The
thiosulfate was standardized with potassium dichromate.
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The Atkins-Denigés method was used for inorganic phosphate.
The sulphuric acid and ammonium molybdate, stored separately,
were mixed just prior to use. Stennous chloride was freshly prepared
for each set of analyses. The color was measured in & Klett-8uramer-
son photoelectrie colorimeter, using & No. 66 filter and & 40 mm cell.
Suiteble corrections were made for reagent blank, turbidity in the
seawater sample, and salt error. Meesurements were generally
mede on the day following collection of the samples. This delay
conceivably introduced some error into the determinations. Riley
(1941) reported a series of 65 experiments on changes occurring in

‘phosphate and other nouconservative elements in Long Island Sound
water stored in light and dark bottles for periods of three or four days.

There was an average decrease of 0.10 ug-at P/1 in & day’s time in

~the light bottles and an increase of 0.05 ug-at in the dark. Possible

errors of this magnitude in the results reported below would not
seriously alter the conclusions.

Nitrate analyses during the firat year were carried out according
to the strichnidine method described by Zwicker and Robinson (1944).
Subsequently the amount of strichnidine in the sulfuric acid was
reduced to one-hsalf, following & recommendation by Francis A.
Richards (persona! communication). Mesasurements were made on
the Klett, with 12 mm dismeter tubes and a No. 54 filter. Differences
in replicates and in successive standardization curves indicate an
analytical error of at least = 109. Ibp addition, thers is probably
a small systematic error, since it has been common in spring arnd sum-
wer to fad seawater readings that are slightly lower than the blaaks.

Material for plant pigment determinations wus obtained by filtering
a citrate bottle (375 ml) of sea water through & No. 42 Whatman
filter paper immediately after collection of the sample. The filter
paper was put in 909, acetone for 16 to 24 hours, and the extract
wes then refiltered to remove any particles in suspension. The
volume was adjusted to 5 ml, and the Klett readings were made with
12 mm tubes and 2 No. 66 filter.

Filtration was carried out with lighi suction to minimize loss of
phytoplankton through the filter. Ordinarily hslf an hour to an
hour was required to filter each sample; a8 shipboard battery of six
filter holders was sufficient to carry out the operation. To obtain
an analysis with only 375 ml is feasible in the rich weters of Long
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Island Sound provided considerable care is taken iz colorimet:ic
readings. Larger samples tended to clog the fiters.

On two occasions, comparative measurements have beon made

with millipore filters having a pore size of about 0.5 p. During the
spring flowering of 1944, aliquot samples were poured through the
two types of filters. No significant difference was detected. On a
later occasion, when the total crop was smaller and when the propor-
tion of small cells had increased, the test was repeated more carefully.
The filtrate from four paper-filtered samples was caught and passed

‘through a millipore filter. The phytoplankton that passed through

the paper and was retained by the millipnre filter gave a reading of
0.14 ug chlorophyll a/l, as compared with an average of 2.1 ug in the
paper-filtered samples. Further examinations are needed, but at
the present time it appeers that the lcss of phytoplankton through
the paper filters is a relatively insignificant fraction of the total

‘population.

The plant pigment readings were recorded as the colorimetric
equivalent f chlorophyll ¢ in ug per liter, although it is presumed
that other pigmente -have some slight effect on total extinction. The
method was standerdized with the aid of & crude chlorophyll con-
centrate which was obtuined from the American Chlerophyil Division
of Strong, Cobb, and Co. and which contained by ansalysis 13.27%,
chlorophyll ¢ and 2.8% chlorophyll b. Weighed samples of the
concentrate were dissolved in 1009, acetone, and suncessive dilutions
in 809, acetone were measured on the Klett. Data by Edmondson
and Edmondeon (1947) on the absorption characteristics of chlorophyll
a and b and of the Klett 68 filter indicate that the chlorophyll a in
the samples was responsible for 89.19% of the total extinction. The
celibration curves were corrected accordingly.

On several occasions duplicate measurements have been made on
phytoplankton pigment extracts using the method described above
as well as visual colorimetric comparison with the Harvey (1934)
plent pigment standard. Results are shown in Fig. 1. On the aver-
age, 1 ug of chlorophyll is equivalent to 4.4 Harvey units, and the
generel relationship throughout the range of concentrations examined is
sufficiently accurate to permit compsrison of present results with
previous analyses by the Harvey method

Sotne of the previous work on Long Island Sound and Georges
Bank (Riley, 1941, 1941a) has included chlorophyll measurements
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Figure 1. The Harvey (1984) method of plant pigment roesuterrent comparcd with the
chlorophyll method described in the text. Each point represents o msasurement by each
method of the Digments in an scetons extract of & natnural phytoplankton sample from
central Long Isisnd Scund, Dots represent samples taken on May 21, 19582 cireles, Juns
11, 1882; 3's, October 9, 1853, -

in which the carotenoids and chlorophyll were separated by chemical
methods, the latter having beer measured by visual colorimetry
against an arbitrarv standard calibrated with a pure chlorophyl
preparation. Riley (1041a) listed analyeses of 22 samples of net
phytoplankton in which 1 ug chlorophyll, 8o determined, was equiva-
lent to 3.9 Harvey units. Somewhat different results were obtained
in routine analyses of the total plankton filtered from a liter of sea
water. Average ratios in both Long Island Sound (21 unpublished
observations) and Georges Bank (Riley, 1941a) were about lug
chlorophyll to 3 Barvey units. It is possible that there was a signifi-
cant error in the earlier standardization or, more likely, & tendency
to over-read dilute chlorophyll concentrations because of & slight
turbidity in the prepared solutions.

SEASONAL CYCLES IN THE CENTRAL
PART OF THE SOUND

Figs. 2 and 3 show seasonal cycles of phosphate, nitrate-nitrite,
chlorophyll, and total zooplankton displacement volume as averages
of inshore and offshore stations, respectively, Discussion of the
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plankton is largely relegated to other papers in thiz volume, but
presentation of the data here facilitates the interg fation of nutrient
cycles.

The gross features of these cycles are charscteristic of temperate
waters everywhere. However, the proporticns of available nitrate-
nitrogen and phosphorus are anomalous. During the winter msxima,
the ratio of N:P Ly atoms has been of the order of 8:1, about half
the value that might be expected in oceanic waters. The spring
flowerings of 1953 and 1954 almost completely exhausted the supply
of nitrate in about three wesks but a residuum of about 0.5 ug-at
of phosphate-P was left in the water. Another paper in this series
(Conover: Phytoplankton) describes a series of experiments during
the latter part of the 1954 flowering in which natural phytoplankton
populations were enriched with phosphorus, nitrogen, iron, and
manganese, separately and in combination. It suffices here to say
that experimental evidence points to nitrogen as the most important
limiting factor. A

Most of the sp-ing and summer analyses have shown little or no
nitrate in any part of the water column. Phosphate values during
the same period generally have fallen within the range of 0.2 to 1
ug-at P/l.  Phosphate tended tu increase gradually during the summer
and then more rapidly in asutumn. Nitrate remained low until
September. - The autumnal increase in nutrients was interrupted
in October 1953, presumably because of plant growth. While there
was not & pronounced autumn flowering in the ordinary sense of the
term, both phytoplankton and zooplankton crops were larger than
those in midautumn of 1952.

Phosphats and nitrate incressed slightly from surface to buttom
during most of the spring and summer. Stability was too slight to
permit the accumulation of a large store of regenerated nutrients
in the bottom waters. It was reasonable, then, to find neither a
pronounced summer pericd of phvtoplankton impoverishment nor a
marked flowering following the destruction of the summer thermociine.
Slight and variable wvertical gradients were observed in sutumn and
winter. It was fairly common in autumn to find siguificant decreases
in phosphate and nitrate in the bottem waters. Reasons for this
peculiar phenomenon will be apperent in the later discussion of
horizontal distribution and transport.

Oxygen data are shown in Fig. 4, again as averages of inshore and
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ofshore stations, together with the computed values for 1009, saturz-
tion at the surface. Supersnturation of the surface layer occurred
during tke spring flowering and to & lesser extent on various other
occagions. The oxygen content of the bottom water declined during
the spring and early summer, Minimun values recorded «t individual
stations were about 509 saturated. Verucal gradients in oxygen
were more pronounced than those of phosphate and nitrate. The
form of the vertieal distribution indicates that maximum oxygen
production by phytoplankton occurred between the surface and 5 m
and that photosyntbesis exceeded utilization of oxygen by the piankton
community in the upper 10 or 15 m. However, the nitrate and
nhosphate gradients suggest considerable utilization of these gub-
st ' ces by phytoplankton at depths of 15 m or more.

During autumn and early winter, the oxygen weas gencrally shghmy '

undersaturated from surface to bottom. Three factors are probsably
involved: (a) a slight lag between surface cooling and oxygen upteks;
(b) an acceleration of vertical mixing and convection, which increased
the oxygen content of the bottom water and correspondingly lowered
the concentration in the remainder of the water column; and (c)
an excess of oxidation over production in most of the water mass,
as indicated by the sutumn increase in nutrients. »

HORIZONTAL DISTRIBUTION

While there is a considerable body of previous data on temperature
and salinity for the Sound, biological and chemical work has been
scanty and has been concerned almost entirely with seasonal cycles
in localized areas. The present survey has included an examinstion
of the distribution of oxygen, phosphate, nitrate, and plankton during
three cruises that covered most of the Sound. This cbviously does
not provide an adequate treatment of horizontal distribution, but
certain problems are revealed thet deserve preliminary mention at
this time and which will be studied more inteusively during ihe
remainder of the survey.

Fig. 5 shows the distribution of phytoplankton chlorophyll at the
surface in June 1952 and in the latter part of September and early
QOctober of the same year. During the first cruise there was a general
east-west gradient, the maximum concentration in the north-central
part of the Sound being some four times the avcrage crop in the
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Figure 5. THorlzontal distribution of chlorophyll in iz per lele at the surfase., Upper
@Bgure, June 4 to 11, 16852; lower, 8ept. 20 to Oct. 0, 1033,

vicinity of the eastern passes. A similar gradier$ was found in April
i _ 1953 (not figured here). Previous comparison of sessonal cycles
o in Block Island Sound and in the central part of Long Island Sound
; (Riley, 1952b) has also indicated a much larger average concentration
| ' in the latter. An east-west gradient of the type pictured thus appears
to be fairly comnion, at least during the spring and summer. It was
| not present during the autumn cruise shown in the lower part of Fig. 5.
With respect to nutrients, the opposite situstion obtained. In
June 1952 there was a siight east-west gradicnt in phosphate (Fig. 0)
and essentially no nitrate gradient (Fig. 7). In early autumn the
gradients were very large. Autumn regencration of nutrients wus
well underway in the westein end of the Sound. It is not altogether
clear whether the east-west gradient represented & difference in the
amount of materials available for regeneration or & difference in the
time when this phase of the eycle began, or both.

The relation betwes:n surface and subsurface nutrients and chloro-
phyll concentrations is showrn in Fig. 8 as a series of longitudinal
profiles. During the June cruise, the phosphate concentration gen-
erally increased from surface to bottom, as might be expected wben
the phytioplankton exists in a state of active growth. Maximum
nitrate valucs were found in patches of surface water of reduced
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PMOSPHATE Mb\/\ﬂv&v
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Pigure &, Horizontal distribution of surface phosphate in ug-at per liter. TUpper figure,
June 4 t¢ 11, 1952; lower, Bept. 48 to Oct. 9, 1952,

HITRATE

Figure 7. Horizontal distribution of surface nitrate {n ug-at per lter, Upper figure,
June 4 to 14, 1832: lower, Sept. 298 10 Oct. 9, 1852,
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in ag per litez, consirucied from stations taken approximately along the central axy of Long
Island Sound. Stations from the cruise of June 4 to 11 are shown on the loft, Bepi 20 to

QOct. 9 on the righy,

salinity off the mouths of the Connecticut and Housatonic Rivers.
Elsewhere, variations were nearly negligible.

A higily veriable pattern of distribution was found in early autumn.
Several stations revealed an unconventional type of distribution,
in whicn phosphate and nitrate were markedly reduced in the bottom
water. However, this apparently is not an unusual situation in
Long Island Sound, since reversed nutrient gradients have been
observed frequently through sutumn and early winter of both 1952
and 1953 at routine stations in the central part of the Sound.

The two-layered transport system described in the preceding paper
helps to explain some of the observed facts of nutrient distribution.
Consider first the spring and summer pericd when phytoplankton
growth tends to deplete tha2 surface layer. The transport system
gradually removes the nutrient-poor surface layer. The bottom
water that moves in is richer in nutrients. Thus the transport system
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establishes s mechanism whereby nutrients sre conserved arnd ac-
cumulated in the Sound, provided (a) phytoplankton growth is
active encugh to produce & positive vertical gradient in nutrients,
and (b) a proportion of the phytoplankton produced at the surface
is removed to deeper water. Both of these conditions are realized
in the rentral part of the Sound during the period from April until
the end of Septeraber. In 1852 the average conventration of surface
phosphate at the offshore stations wa 0.78 ur-at P/l, at the bottom
1.19 ug-at: Nitrate concentrations were 1.78 ard 2.52 ug-at N at
surface and bottom, respectively. During the same period in 1953,
the corresponding avereges were 0.70 and 1.28 ug-at P/, 0.29 and
0.63 ug-at N.

As to point (b), it is qualitatively apparent thai a considerable
proportion of the phvtoplankton production is rermioved from the
surface layer. The concentration of chlorophyll is not markedly
greater at the surface than it is at the bottom during the period in
question. The presence of a large bottom fauna is sufficient evidence
in itself that surface production has been removed to the bottom by
one means or another.

An accurate quantitative treatment of this problem awaits further
work on both mass transport and nutrient cycles in the Sound as a
whole. However, 8 preliminary estimate based on average summer
transport values aund observed inorgani¢c nutrients msy serve to
establish the order of magnitude of transport enrichment. At Long.
72° 30’ W, which is & conveniant point of division between the eastern
part of the Sound and the central baesin, the preceding paper on
Physical Oceanography indicated a net esstward linusport of -10,200
md/sec. in the surface layer and & westward movement along the
bottom of 9100 m? If these figures can be applied to the general
period from April through September, the westward movement is
estimated to be 3.10 times the volume of the Sound west of 72° 30’ W,
and the surface transport to the east is 3.48. According to the
average nutrient values guoted above, transport exchange would
lead to an average increase of 0.71 ug-at P/l of water in the area as a
whole during the six months’ summer period of 1952. For 1933
the estimate is 1.55 ug-at P. Corresponding estimates for nitrate
are 1.65 and 0.96 ug-at N/i in 1952 and 1953, respectively.

The final ansalysis of productivity problems will requice not only
8 revision of the estimates of transport enrichment, with additional
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dets on ammonia and nutrients in organic combination, but also
a ccnsideration of enrichment by freshwater drainage. A few analysas
of river water during the spring and summer of 18954 have shown a
wide variation in nitrate content, from G to 37 ug-at N/l. While
there is no doubt that drainage has & cignificant effect with regard
to nitrate enrichment, it probably does not exceed the effect of trans-
port exchenge. Phosphate concentrations in the rivers are about
the same as those iu the Sound and it seems unlikely that drainage
meterially alters the distributica of this element.

Returning to the problera of transport effects, it is apparent that

a two-layered exchange system will result in nutrient accumulation
only if phytoplankton growth is sufficiently active to create a vertical
gradient in nutrients. If growth is so slight that regeneration exceeds
consumption, the accumulation of nuvrients is expected to cease,
and the direction of nutrient transport may be reversed. In the
particuler case noted in October 1952, when there were strong east-
west gradients in nitrate and phosphate, both lateral diffusion and
an eastward transport of the surface layer would tend to move these
nutrients out of the Sound. TUnder such circumstances transport
exchange would alio be expected to create negative vertical gradients

in nutrients. The frequent occurrence of these gradients suggests -

that loss of nutrients from the Sound during the autumn and early
winter is as distinctive & part of the nutrient problem as the accumala~
tion in summer.

In conclusion, the quantitative details of this phenomenon remain
to be established, but a gemerel hypothesis is obvious. The two-
jayered transport system provides & mechanism whereby the biological
association autometically regulates the nutrient supply at e slightly
higher level than that in the adjacent oceanic waters. Moderate
nutrient deficiency accelerates the accumulation, although the system
tends to break down when, as in the case of nitrate, severe deficiency
depletes the entire water column. An unusable excess of nutrients
is automatically dissipaied. Both aspects of the phenomenon are
conceivably important in maintaining & normal, productive popula-
tion. Preliminery estimates suggest that the summer accumulation
of phosphate by transport exchange constitutes a considerable fraction
of the total available store of this element. The sccumulation of
nitrate by the combined effects of transport and freshwater drainage
is relatively less significant. However, no general conclusions about
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nitrogen accumulstion are werranted until data have been obtained
on other nitrogenous compournds.
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ABSTR ACT

The annual phytoplankton cycle in Long Island Sound has been cornsidered from
the standpoint of changes in the total population as esiimited by cell counts and
chlorophyll values, from the behavior of major taxonomle groupe, and from seasonul
variations in the ahundincs of individuel species. Phytoplankton data have been
corrclated with environmental factors, and experimental work was undertalien to
provide additional informaticn about the physiology of the organizms and to test
canclusions drawn from fleld data.

The annual ¢ycle was characterized by a large late-wintor flowering, lewer num-
bers throughout rpring ard summer, cmall sporadio flowerings in summer and early
fall, and mininal populauors in late fall and early winter, Light and turbulence
were the critical factors that determined population size in fall and winter. From
the termination of the spring flowering until the breakdown of stability in late sum-
mer, nutrient eupplies were the controlling factors; pitrogen appeared to be ths
most important imiting nutrient. Grazing may also have had soms influence on
the size of the summer populations. Turbulence was sufficient to maintain a nearly
homogenecus vertical dimribution. Altbough there was a difference in population
numbers per unit volume of water between inshore and offshore waters, events
in tke phytoplankton cycle cocurred at about the same time in both areas.

The population was dominated by diatoms ezcept in summer, when dinofiagellates
aud probably other smaller flageliates largely replaced the distoms. There wes a
clear-cut species succession, but environmental differences influenced the relative
importaunce of certain species frum year to year. Beversl examples of the way in
whizh the environment controlled species abundance were afforded hy this study.
The imporiance of the phyriological state of the natural population has been demon-
strated experimentally.

THE ANNUAL CYCLE

Methods. Two types of analyses were employed to describe the
quantity of phytoplankton, nemely, estimation of chlorophyll a! and

! Rabinowitch (1952) described chlorophyll @ es the ultimate photosynthetic
pigment. That is, the accessory pigmenta of the plant cell may sahsorb light energy,
but only chlorophyll @ can converi this light energy to useable chemical energy.
Consequently, the abundance of chiorophyll ¢ ultimately determines the amount
of photosynthedis.
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ccll counts, Samples were collected at weekly intervals at each of
the stations visited from March 1852 through March 1954, Water for
chlorophyll determination was taken from several depths and was
enalyzed using the method described by Riley and Conover in this
volume. Samples for direct counts were taken at only the one-
meter level except at St. 2, where proportional aliquots from
each of the four or five depths were combined to give one com-
posite sample. 225 ml of water were preserved with 25 ml of
reutral formelin. The samples were allowed to settle for at least
48 hours and were then concentrated by siphoning off the supernatant
liquid. The sample wes transferred to a vial and the settling and
concentration process was repeated. The concentrated sample was
counted in & heemocytometer.

Certain objections have been raised to this counting method,
Formalin preservation is inadequate for certain types of phyto-
plankton, particularly the small naked flagellates. Consequently this
wag probably a serious source o, error in the summer samples. Also,
there i8 the possibility that some of the sample was lost when the
supernatant liquid was drawn off. However, when the supernatants
from diiferent samples obtained during periods of active growth were
passed through a millipore filter and the latter was cleared for micro-
scopic examination, the error was found to be less than 0.29,

Description. From mid-December or early January, a steady in-
crease in the phytopiankton population took place (Fig. 1). The
climax of the flowering, the annual maximum, came after three weeks
of rapid increase in early March 1853 and in mid-February 1954,
After the climax was passed, the population decreased rapidly.
Within a month it had passed through the period of decay that follows
the flowering and had entered the spring and summer phase. The
wearmer months were characterized by sinall oseillations in abundance.
A fall lowering was observed in the second year of the survey but not
in the first. The annual minimum occurred sometime in the fall, and
small populations were recorded throughout late fall and early winter.

The phytoplankton cycle as found in Long Island Sound is not
unique. Late winter flowerings in temperate waters have been re-
corded in similar semiprotected areas. In New England waters,
Bigelow, ef al. (1940) found that the spring flowering commenced
earlier in the partially protected bays than in the open waters of the
Gulf of Maeaine. Fish (1925, and Bigelow (1926) reported that it

e e e e gt

R R SV G- N

PYTY

ol L

o e d) ol va A ki b




1956] Conoyer: IV. Phytoplankion v 65

40

35 B
[ — NUMBER CELLS X 10 PER LITER

- ~—U3 CHLOROPHYLL #ER LITER ~

t

" = i
Tigvax 1, Phytoplankton cell numbers and chlorophyll, average surface valuas for all
statota,

occurred even earlier in the shallow semienclosed bays of Cape Cod
than in Long Island Sound. Records of similar observations along
the Norwegian coast have been briefly summarized by Braarud, ef al.
(1953), and Steemann-Nielsen {1937) found the same pattern in waters
around Denmark. The vernal flowering occurs later in British
waters near Plymouth than in the more northern but more protected
Scandinavian waters (Harvey, ef al., 1835). As in Long Island
Sound, spring and summer populations in these arees were signifi-
cantly smaller than in the vernal flowering. Atkins and Jenkins
(1853) found an ennual chlorophyl! minimum in June at the Eddy-
stone station off Plymouth, England. In Long Island Sound, the fall
flowering was observed in late September and October. A small
September phytoplankton peak was found at the Eddystone by
Atkins and Jenking (1953), but in an earlier study by Harvey, et al.
(1935) in the same region, the late summer-early fall peaks were larger
and one occurred later. A small September peak was found in the
North Sea by Grgntved (1952). In winter all of thesc waters were
characterized by small populations.

Chlorophyll-Cell Count Discrepancies. The data on the amount of
chlorophyll and cell numbers paralleled each other reasonsably well
except in summer, when the chlorophyll values were significantly
higher than the cell counts (Fig. 1). As was menticned above,
formalin does not preserve all segments of the plant population equally
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well. Riley (1852) found that large numbers of small flagellates in £l

unpreserved summer samples from Long Island Sound could nct be

distinguished after formsalin was added. Presumably, under these

circumstances, chlorophyll measurements would be a more reliable 3

index of total population. Other factors may contribute to the dis- g

¢ crepancy between chlorophyll estimsetes and cell counts at this and 3
other times of the year. The chiorophyll content of an individual ;
;’ cell tends to be inversely proportional to the cell volume (Atkins and [
‘ Parke, 1951); = population containing large cells would show small 2
cell numbers relative to chlorophyll, while populstions 2ontaining :

small cells would give a large ratio of numbers to chlorophyll. Finally, i

differences in the physinlogical state of the cells can affect the amount ;

of chlorophyll present (Harvey, 1953).

_ Differerces in Annual Phytoplankton Cycles. The spring Howering *
'! in 1054 was three weeks earlier than that in 1953, Fig. 1 and Table I 3
: show that cell numbers from the climax of the spring flowering through
‘. August were considerably greater in 1952 than in 1953, the same trend
! of differences, though less pronounced, was shown by the chlorophyll
data. In 1953 a small flowering occurred in September and October, i
| while in 1952 the lowest phytoplankton concentrations for the year

were found in this pericd. Possible explanations for these differences

f will be considered when the population structure and the environment,

i are discussed later.

‘ Coefficients of Increase and Decrease of the Standing Crop. Weekly 3
j phytoplankton estimates can be used to caleulate a coefficient K, <
which measures the relative rate of increase or decrease of the standing '
crop. .An increase in the population may result from increased
growth rates, decreased grazing rates, a decrease in the rate of loss
by turbulence, introduction of a more concentrated population from
another area, or any combination of these circumatances. A decrease
in the standing crop may result from the converse of these conditions.
K was calculated for Loth chlorophyll and cell numbers by using
the follewing equation:

e -
[P S TS

Loemdbl

in Py - In P, = Ki, (1)

where P, is the initial population, P, the population at time {. K
values are plotted in Fig. 2.

The values of the cocflicienis during the spring flowering did not
exceed those found at other times of the year, but there was a sustained
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TABLE 1. Mom'm.? MEANS.
Esitmaled radiction, g callemy/day

—Surfass ——— 1 meter -8 maers
Monih 1952 1858 1854 1852 1858 1884 - ios2 1943 1964
Jan. . - 133 125 — 38 87 —_— 4 4
Feb, — 251 188 —_— 132 &3 —_— 7 2
AMareh 321 . 253 (250) 184 113 (198) 28 8 (23)
April 401 343 — 262 242 - 48 40 -
May 480 440 —_ 209 288 -— &0 58 —
June &30 851 -— 284 380 —_ 24 4% -_
July €23 608 — 319 814 — 27 30 —
Aug. 480 519 —_ 231 271 _— 18 18 —
Sept. 422 4486 _ 254 287 -— &4 43 —_
Oct. 332 827 -_ 161 185 _— 13 19 -—
Nov. 171 177 — 838 77 —_ ] 3 —
Dec, 128 140 —_ [ 9] 3] — 3 3 —
Surface Temperature, °C Phosphate P, ug-at/l Nlrale N, pp-aifl
Monih 1952 1553 1954 1652 1958 1855 1858 1888 1854
Jan, —_ 38.67 3.08 — 1.82  2.21 —_ 14.8 15.1
Feb. —_ 3.11 1.38 —_ 1.89 1.41 — 13.5 4.0
March 8.11 3.03  (3.59) .88 0.82 (0.84) 2.1 2.74 (0.08)
April 6.68 6.80 —_— 1.09 0.61 — 5.0 0.44 —
ey 10.87 13.01 — 0.84 0.47 —_ 1.8 0.20 —
Jure 17.30 18.02 - 0.33 ° 0.4} — 6.3. 0.08 —_
July 21.22 21.83 - 0.8 0.2 - ~-~ 0.31 0.17 —
Aug. 22.80 21.78 _— 1.13 1.14 —_ 0.50 Q.31 —
Sept. 21.41 21.48 — 1.55 P} — 2.32 1.68 —
Oct. 15.523 17.31 — 2,580 1.82 — 10.4 3.82 —_
Nov, 11.77 12.33 —-— 2.23 2.67 —_— 13.7 8.8 —
Do, 7.39 8.57 —_ 2,35 1.83 -—_ 15..8 12.0 . —_
CMorophyll, ug/l . Celinumbers X 103/7
Menth 10582 1958 1954 1852 1053 1984
Jan, — 5.8 2.9 . — 1266 - . $89
Feb. —_— 8.3 14.2 — 3422 11847
March 9.0 15.4 (7.8) 4754 17216 (6936)
Aprid 5.8 4.9 — T 1838 1403 -
May 8.9 5.1 — 1244 &11 —
June 7.0 7.8 - 5836 841 -
July 7.7 7.0 —_ 2822 309 —
Aug. 8.1 7.0 -— 828 493 —
8apt, 4.7 78 — 233 200 —_—
QOct. 3.8 4.5 —_ 187 1127 —
Nov, 3.7 3.0 —_ 269 238 -
Dec. 4.2 1.8 — 442 269 -—

period of positive values at that time. The vernal flowering ap-
parently resulted from conditions that were favorable to steady
growth with population accumulation rather then from a sudden
change in the physiological state of the phytoplankton with a resultant
increase in growth rate. Note that the highest spring flowering
values of K occurred at irregular intervals during the flowering period.
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COEFFICIENT K, CHLORCPHYLL
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Fieorn 2. Coefficients K, based on cell numbaears and ¢hlorophyll; average swface values
for all stations,

The natural population did not necessarily follow the classical logistic
growth curve demonstrated for laboratery cultures., In the post-
flowering period, the negative coefficients were larger than the positive
velues found during the flowering development. Fluctuation between
positive and negative values was characteristic of the spring and sum-
mer months, but & greater number of positive values were recorded
in 1852 than in 19533, The values of the coefficients for the two
vears reflected differences in the early fall cycles; in 1952 K values
were largely negative, while in 1953 & distinct positive trend was
observed from August through October. Late fall and early winter
coeficients showed small fluctuations about zero (Fig. 2), indicating
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that the population was merely maintained. The first stages of the
spring flowering were indicated by the predominantly positive values
of K in January.

Vertical Distribution. Unlike the deeper and more exposed southern
New England waters such as Block Island Sound (Riley, 1952),
concentrations of phytoplankton in the shallow and turbulent waters
of Long Island Sound were fairly uniform from surface to bottom
(Fig. 3). At times, particularly during active growth, there were

30 N -
s )
: \
o —— BURFACE :
g ———— J
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Y 1
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' 1853 1994

1882
Fiavsae &, Dim-ibdtion" of chiorophyll in surface and bottom watera; average valuas for
all stations. .

greater concentrations in surface than in bottom waters. More
chlorophyll was found in bottom waters just after the termination
of periods of active growth and throughout the fall months. The
horizoutal movement of water masses could also account for some of
the vertical variations in quantity., However, all such variations
were small compared with the differences commonly observed in
deeper and more stable waters.

Horizontal Distribution. At times there was a pronounced difference
in concentration of surface phytoplankton between inshore and
offshore stations (Fig. 4). In general, both cell numbers and chlore-
phyll concentrations per unit volume tended to be larger in the inshore
waters. However, the total amount of phytoplankton underlying
& unit area of sea surface was frequently greater ofishore, as indicated
in Table II. Chlorophyll estimates in Table II represent the average
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Ficune 4. Cel number and chicrophyll distribution at inshore und offabore stations,

concentratior at the several depths sampled multiplied by the depth
of the water column. The estimate of cell numbers is ¢ relativelv
crude one, since all of the counts were of surface samples, excepting
St. 2. The latter is used in Table II to represent offshore conditions;

the
for

inshore estimate is based on the average surfece concentration
all inshore stations multiplied by the average inshore station

dopth.

711

he conceutration of phytoplenkton in the Sound was considerably

greater than that in other New England waters. and the quantity
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TABLE II. Coupamison o CHINROTHYLL AND Cett Nuvunras Uxpen 0.1 i o7 SEa
Starace Tucm INamour anvp Orreions Posirrons 1n Long 1svasp SouNp

1§ chlorophyliee—— ———Lel s nbers X 1A e—

Dats - lnghore Ofsiiore Inshore Ofshore
May 14, 1832 1367 1381 181.4 140.0
July 22 . N 74 591 . 427.3 641.0
Oct. 21 424 1038 30.1 24.8
Dec, 28 5A3 772 34.8 136.2
Mnrch 8, 1053 8342 8511 4106.3 5184.0
June 8 743 1154 31.8 . 88.4
Aug. 18 397 608 20.0 33.6
Oct. 21 861 072 273.8 802.6
Peb. 17, 1934 1225 2870 2133.8 1023.8

per unit area probubly averaged slightly more. However, the highest
spring flowering figures in the Gulf of Maine (Bigelow, e al., 1940)
were larger than those for Long Island Sound. In the waters around
the Eddystone, Atkins and Jenkins (1953) obtained figures consider-
ably larger than those for Long Island Sound; chlorophyll concen-
trations per cubic ineter were comparable to those of Long Island
Sound, but the column of water was four times deeper than that at
the average ofishore station in the Sound.

Although the size of the phytoplankton population per unit volume
of water at inshore and offshore stations was often different, the
sequence and occurrence of specific events corresponded closely in the
two areas (Fig. 4). There are two possible explanations for this
uniformity. Either the environmental character of the inshore and
offshore waters was not significantiy different, or else thero was
sufficient horizontal mixing to prevent differences in time of occurrence
of specific events such as were found between coastal and offshore
waters in the Gulf of Maine and in the North Sea. The spring flower-
ing peak of 1854 was a mincr exception; it occurred offshore one week
later than inshore. However, this difference might simply have
resulted from & sampling error.

Phytoplankton Composition. A breakdown of the population into
groups, i.e., centrate diatoms, pennate diatoms, dinoflageliates, and
silicoflagellates, gives information which is masked in the considera-
tion of the population as a whole and is lost in the detail of species
analysis (Fig. 8). The spring flowering was made up chiefiy of
centrate diatoms. Although pennate diatoms and silicoflagellates
showed distinct increases at this time, their numbers were insignificant
in compearison witli the centrate diatoms. Centrate diatoms con-
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tinued to be deminant through the spring months. In the sum-
mer, dinoflagellates comprised the most abundant segment of the

- population; the possible impcortance of small flagellates at this time

has been mentioned previously. The difference between the spring
and summer periods of 1852 and 10853 is re-emphasized by these
date, In the spring and eariy summer, centrate diatoms were much
more abundant in 1952 than in 1853, and the peaks ¢ " phytopian.ton
numbers typical of this period in 1952 were due to diatoms (Fig. 1).
Conversely, in 1953 the population of dinoflagellates in late spring
snd summer was much greater than that of the same period in the
previous year. In late summer, centrate diatoms became dominant
again, and the fall flowering of 1953 was made up largsely of this group.
The smell late fall and early winter populations were composed of
centrate diatoms, pennate diatoms, and silicofiagellates, the centrate
diatoms being the most abundant. The latter continued tc dominate
the population as it entered the spring flowering phase. As the
flowering progressed, the large proportion of centrate forms relative
to the other groups became even more exaggerated. When tho
annual crop of phytoplankton is considered, the greatest proportion,
either numerically or with respect to weight of organic matter pro-
duced, was contributed by the centrate diatnms. Only in summer
did another group, the dinofiagellates, assume a dominant position
in the phytoplankton community.

The seasonal distribution of the major constituents of phytoplank.
ton in the Sound is similar to that reported for Norwegian coastal
waters by Braarud, ef al. (1953). During winter, when the light
intensity was low, they found that the surface waters became enriched
through turbulence. As the light increased in spring, a diatom suc-
cession characteristic of the locality took place. After the diatom
bloom had lowered nutrient supplies, the dinoflagellates became
dominant. According tc Grgntved (1952), the same group succession
was found in the southern North Sea if nutrient renewal was sufficient
and if grazing wae not too severe. He believed that the late spring
change from diatom to dinoflagellate dominance resulted from the
establishment of thermal stability which prevented nutrient renewal
through turbulent mixing; the nutrients were not completely depleted
in the euphotic zone before the change took place. It was suggested
that reduced competition between major phyteplankion groups,
selective grazing by zooplankton, and “‘ecological conditions” aided
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the cause of the dinoflagellates. Interestingly enough, the replace-

ment of diatoms Lv dinofiagellates was iater in 1947, the cooler year,

~ than in 194%,

EXPERIMENTAL STUDIES

Experiments were designed tc¢ measure the effect of variations
in light, temperature, and nutrients on the natural phytoplankton

populationrs at various times during the year. Measurements were

made of the amount of oxygen produced in photosynthesis and con-
sumed in respiration. Changes in size and composition of the popu-
lation were determined in &ll experimentse, and in some, changes in
chlorophyll and nutrient concentrations were also measured. These

experiments were done with raw sea water, so that bacteria and small’

zooplankton as well as phytoplankion were included in the experi-
mental bottles. ‘

Methods. Sea water for the experiments was usually taken at one
of the regular stations. If the experiment was & small one, the bottles
were filled directly from the Nansen bottle. For larger experiments

‘& carboy was filled, thoroughly agitated, and experimental aliquots

were drawn off into the appropriate hottles. In experimental work
that involved oxygen determinations, a glsss bottle of suitable volume
which contained a few glass beads for mixing purposes was completely
filled with water, tightly stoppered, and thoroughly mixzed twice;
the oxygen bottles were then filled from this in the ususl manner.

Thne light and dark bottle technique was employed to measure
oxygen production and consumgption, using 125 ml reagent bottles.
Some of the bottles were exposed to natural illumination while others
were placed in black cloth bags. At the end of an experiment, Winkler
reagents were added to the bottles, care being taken to retain any
bubbies of gas. Aliquots for cell counts and other analyses were taken
from other bottles which had been treated in the same manner as
the oxyvgen bottles. Furthermore, in the 1954 experiments, eomne
of the bottles were covered with different thicknesses of cheesecloth
80 a8 to alter the amount of illumination received by the enclosed
phytoplankton. The amount of light transmitted by the different
amounts of cheesecloth was estimated in the Klett-Summerson Colori-
meter; & giass mieroscope slide was wrapped in the required number of
thicknesses of cioth and immersed in water in the measuring cell.
Several different colored iilters were employed, but the wave length had
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little effect on the percentage of light transmitted. The average values
are summarized in Table III.

TABLE III. RaADIATION TRANBMTITED aXD Dxera EQUIVALENTS IN METEES FOR
Gavee-ExcLosep ExrgniMENTAL BOrTLES

No. layers of t7 Nght Depth equitalent when Sccchi disc equels:

qauze on boitls penetraiion im g&m §m
2 24 0.8 1.8 2.5
4 8 1.5 2.8 4.4
8 3 2.1 4.1 6.1
8 1 2.7 5.4 .1

~ Five experimente during the spring flowering of 1954 measured
the effect of increased temperaturc on ph:-toplankton. Bottles were
kept in tanks at the Milford Laboratory near a north window at a
higher temperature than the rest of the experiment. Light conditions
in these warmer bottles were probhably not exactly the same as those
in the bottles suspended in Milford Harbor, but they were close
enough so that differences in results in the two sets of bottles must
be attributed to temperature and not to light.

The effects of nutrients were glso tested, singly and in various
combinations, P and N were employed in all experiments, and in
some experiments iron, manganese, citric acid, soil extract, and
dextrose were used as well.  Nitrogen was added 2s NaNO;, phosphor-
ous a8 KH;PO,, manganese a8 MnCl;, and iron as ferric citrate with
citric acid as a chelator (Rodhe, 1948). P anc % were never added
in quantities greater than the maximum quantitias found in the Sound.
The other inorgunics were added in similar small amounts. Additions
of soil extract were 19, or less of the volume of the experimental
water,

Usually the experimental bottles, placed in wire cages, were sus-
pended to a depth of 0.5 m in Milford Harbor, Connecticut. The
cage was hung from a boat mocring line to eliminate changes in depth
with tidal fluctuations. In tnis manner natural conditions of light
and temperature were duplicated as closely as possible. A few oxvgen
experiments were done at anchor stations in the summer of 1853.
Here water was taken from s series of depths, and the experirnental
bottles were resuspended at those depths for the duration of the
experiment. Three experiments in February 1954 were kept in the
dock house at the Milford Laboratory beczuse the Harbor was iced
over; light conditions in these experiments were unnatural, since

TP TP

PSSV

Fo Shacasin

etk Ve e CIL

LN

NEOEN



76

Bulletin of the Bingham OCeanog7*ap?zziv: Collection XY

the bottles were immersed in tanks in a building witk only small
windows.

Ozygen Ezperiments. Fig. A summarizes the results of the oxygen
experiments, Moderate to high production. of oxygen and low
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respiration were associated with the spring flowering and the spring
period generally. In summer, oxygen production was less and oxygen
consuruption was markedly higher than in the earlier months, Moed-
erate to high oxygen production was characteristic of the fall months,
while consumption decreased progressively from the summer maxi-
mum. Winter was 8 time of minimum oxygen production arnd con-
sumption. ’

To make results of the oxygen experiments comparable, coefficients
of photosynthesis and respiration were calculated as the amount of
oxygen produced or consumed in m! per 24 hours per ug of chlorophyll.
These data are plotted in Fig. 6B. Whken Figs. 6A and 6B are com-
pared, it is obvious that the amount of oxygen produced or consumed
was not simply a function of the amount of chlorophyll present. For
instance, during the spring fowering in 1953, production coeffcients in
late February for the early stages of the flowering were higher than
those observed during the climax & few weeks later.

The photosynthetic and respiratory coefficients were compared
with growth coefficients in natural and experimental pcpulations,
initial nutrient concentrations, light, and temperature. This com-
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parison wes only superficial, since the data were not adequate to
warrant detailed statistical treatment. The only obvious correlation
was that between temperature aud respiration, although temperature
meay have had some influence on photosynthesis as weil.

Light Ezperiments. The amount of light available tc the phyto-
plankton in the natural environment varies with incident radiation,
turbidity of the water, and ke dcpth of the cell in the water eoluman.
Experimentally, light was varied by means of the gauze bags described
above, Measurements of oxygen production showed that there was
& relationship between the amount of radiation received by tho
experimental bottle and the photosynthetic coefficient, The results
of four experiments are graphed in Fig. 8 While photosynthesis
appears to depend on the amount of availalle light all of the curves
for the four experiments are different, suggesting that light is not
the only factor that influences oxygen production. The populstion
which showed greatest growth in enrichment and temperature ex-
periments was also affected most strikingly by variations in light
intensity (Fig. 8). The two higher curves were obtained with popu-
lations taken at the peak of the spring Aowering and several weeks
after the climax. The population that was present immediately
after the climax of the flowering had a much lower level of response
to light, suggesting a possible depression in the physiclogical state
of the cells at that time.

Although maximum cell numbers and maximum chlorophyll
values did not necessarily occur in the same bottle, the highest values
for chlorophyll and cell production were found consistently in bottles
receiving less than the maximum availeble light, and they were also
found occasionally in bottles receiving the minimum amount (sce
Table IV)., In an early summer experiment in 1054, the greatest
increase in cell numbers occurred in an unernriched bottle covered
with two layers of gauze. This increase was due to growth of several
diatoms, namely Lepiocylindricus danicus, Skeletonema costatum, and
Thalassionema nitzschioides. In this experiment higher chlorophyll
values were obtained in some of the enriched bottles, but this increase
eppeared to result primarily from the growth of small flagellates,

Some of the most important results of the light experiments were
found in the response of different species to varying amounts of
radiation. Experiments during the early spring flowering of 1954
showed that Skeletonema costatum bad the highest growth rate coef-
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Figure 8. Oszygen production cosficiznts in four experiments as related to lght {ntengty
(g cal/emt in a day).

ficient i in bottles receiving greater amounts of light., In hottles
receiving smaller amounts of radiation, Thalassiosira nordenskidldii
had the highest K values, and those were almost ell greater than any
of the S. coetatum K values.

K values in derk bottles usually had the same sign (7.e., positive
or negative) as the K values in the corresponding light bottles, but
they were smaller. The K values obtained in the hottles and in the
Sound for the same population often were quite different (Fig. 2).
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Temperaiure Ezperiments. In the 1954 temperature experiments,
performed during the early phases of the spring flowering when
o nutrients were still in adequate supply, a slight increase in tempera-
¥ ture had & greater effect on population growth than changes in avail-
‘ ' able light. During the rest of the fowering #nd postflowering experi-
1 ments, increased temperature and certain light conditions stimulated
population growth, but this growth was inferior to that obtained in
certain enriched bottles (see Tabls IV).
Incressed temperature in experiments performed during the flower- i
ing stimulated the growth of Skelefonema costatum but inhibited 3
: Thalasstosira mordenskisldii., 'The second postflowering experiment
v (March 10, 1854) had the same result. S. costatum growth rates 5
i in these coxperiments were comparahle ¢o those obtained under
. the natural spring flowering conditions of 1953, These results cor-
. roborated the field evidence which suggested that competition be-
tween S. costafum and T. mordenekiéldii is controlled by light and
tempcrature, These results also ruled out salinity as a factor in-
¢ fluencing the competitive balance, since the similar growth rates for
D the 1854 experiments and the natural eavironment in 1953 were

LRV LI I RTINS RO

obtained under quite different salinity conditions.

LT M e La K s

|

| Nuirient Ezperiments. Several nutrient experiments were con-
; ducted during spring, summer, and early fall in 1953. In these
| experiments, cell counts were the only index to the effectiveness
.’ of the various added nutrients. Aside from the two experiments
}

£ T b M AL T S0

ou ‘“‘red water” in New Haven Harbor (Conover, 1954), the 1853
results were highly inconclusive. The three more elaborate nutrient
experiments in the late winter of 1954 guve much better information,
since, in addition to cell counts, changes in the amount of chlorophyll,
phosphate, and nitrate were also measured. A similar experiment in 1
the summer of 1954 showed conclusively that cell counts were not an i
adequate measure of change in the enriched experimental bottles, :
Great increases in chlorophyll and utilization of nutrient supplies
were not reflected in & corresponding change in cell numbers, so it 1
may be assumed that many of the actively growing organisms did
not withstand formalin, These results suggest that the 1953 experi- 4
ments were inadequate for the purpose, in that insufficient measure-
ments were made of the various aspects of population growth., How- ]
ever, they provided a small amount of useful information that will :

i

be included under the discussion of individual species.
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In the spring fowering experiments, addition of nitrate had the

- greatest effect of all nutrients on population growth. In two of three

experiments it restored the population to the natural flowering ievel,
suggesting that depletion of this nutrient was the chief cause of the
termination of the flowering. Addition of phosphnrous and iron
brought sbout amall population increases, and when either or both
were added along with nitrogen, slightly greater population increases
took place than when nitrogen was added alone, Citric acid showed
s smaller stimuistory effect., Mangunese alone had no stimulatory
effect; in fact, the results might be interpreted 28 a slight inhibition,
When added with other nutrteuts, however, manganese appeared
to have some favorable effect (see Table IV).

The experiments also emphasized the importance of the physio-
logical state of the organisme. Laboratory culture experiments have
suggested that the postflowering population is in & physiological
state of senescence. A lag period during which there is & shift from
& maintenance metabolism to active growth is demonstrated by such
populetions when they are placed under conditions favorable to
active growth. The postflowering experiments on March 3, 1854
showed that this was taking place in a natural population. This
was the only experiment in which spring flowering levels were not
restored, even though the length of time, light, and temperature were
comparable to other experiments. '

The summer experiments of 1954 gave results gimilar to the spring
flowering experiments. Highest chlorophyll levels attained in the
erriched bottles were almost es high es the spring flowering ones.
Nitrogen was again the nutrient that brought about the greatest
increases. The other four nutrients had some stimulatory effect,
phosphorous and manganese being somewhat more effective than
iron and citric acid. The nutrient effects were almost additive in this
experiment (see Table IV).

SPECIES ACCOUNTS

In order to separate the more important species ¢f phytoplankton
in Long Island Sound from the less important ones, two rather arbi-
trary catecgories were set up. The major constituents were defined
as species which occurred in numbers greater than 59 of the total
phytoplankton at least once in the two years of study. The minor
constituents were always found in numbers less than 5% of the total
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population. Since the total population size vuried from week to week,
the 59 demarkation represenis no real number.

Some 40 species may be classified as major constituents., Some
species were present during most of the year while others were re-
stricted to a particular season. Nearly 150 species were found as
minor constituents. The ruinor constituents can be further subdivided
into two groups: those which were found often or in sufficient numbers
to indicate that they were growing in the Sound; and those which

were found only occasionally in small numbers and which were prob-

ably immigrants unable to establish themselves in the Sound. Only
the first group of minor constituents will be considered in this paper.

In eddition to notes on the occurrence and abundance of the various
species, other pertinent information obtained from the environmental
and experimental data is included. Any significant difference in
distribution between inshore and offshore waters is also recorded.
If a species is found chiefly inshore it may have requirements for
land-derived nutrients, lower salinity, or some favorable light or
nutrient condition nssociated with the shallow water column. More
frequent occurrence of a mpecies offshore might suggest requirements
for higher salinity or some other condition associated with the deeper
water column. The highest concentration, unleas otherwise noted,
represents the highest count obtained in a single sample. '

Certain species in the following list are marked with an asterisk (*)

to call attention to the fact that, although the cell numbers are low,

the cells are large and undoubtedly made a greater contribution to
the economy of the Sound than their numbers would suggest.

Masor SPECIES
Centrate Distoms

Ceralaulina pelagica.? A bloom of this species in May 1852 when
the water temperature was around 10° C lasted several weeks. An-
other shorter but larger bloom occurred in late summer 1933 wken
the water temperature was 23°. Cell concentrations in a single
sample reached nearly 2 million. Traces were found throughout
most of the rest of the two year period. Field and experimental

t Hendey’s (1054) checklist of British marine diatoms was uged throughout as
the model for naraes and spellings.
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data suggest that it grows well in moderate light coenditions if the wuter
contains some inorganic nutrients.

Chaetoceros affine was found in August and September of both years.
A few cells were also recorded in winter, It was nct found in salinities
lower than 27%¢, and it was cheerved offshore more often than inshore.
Highest concentration 90.000 colls/l. _

Chaetoceros compressum, found the year round, was most common
in August 1852, from the spring flowering through May in 1953,
and in the spring flowe:ing of 1954, Experiments suggest that ..
prefers lower light intensities and is not found shen nutrients are
low. Highest concentralion 259,000 cells/l, _

Chaetoceros curvieetus was found from July through October, with
o peek in September. Tt was a major ennstituent of the popunlation

~at this time of the year. Traces in November 1852 and March 1054

were the only other occurrences. Maximum temperatures and
moderately high radiation values characterized its period of abun-
dance. Highest concentration 368,000 cells].

Chaetoceros debile, ocecurring occasionally and in small numbers
from the end of the spring flowering through October, was more com-
mon inshore. Greatest concentration 87,000 cells/1.

Chaetoceros didymum, taken in small numbers sporadically from
the end of the spring flowering through fall, was more common off-
shore. Seasonal disiribution and results of one experiment suggest
that this species has a high light requirement.

Chastoceros radicns-Chaetocerog tortisetmum. These two species
are combined since there was some confusion in identification. Large
numbers were found from January until several weeks after the spring
flowering, with smaller numbers in late spring and early summer.
These species were completely absent only in fall and early winter.
Highest concentration, during the spring flowering, 2,348,000 cellg/l.

Corethron criophilum wes found from August through December
in both years, with a trace in March 1952. The populations were
larger in 1953 than in 1952. Salinities were always above 27% at
these times, and it was taken offshore wiore often. Marked increases
were recorded in light bottle experiments. Radistion means for the
period of occurrence were higher in 1953 than in 1652, Highest
number 36,000 cells/].

*Coscinodiscus perforatus cellulosa was tuken regularly from July
through January, with maximum abundance around mid-September.
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An obca;ional cell was found in tbe spring plankton. Found ofishore
slightly more often. Highest concentratior 21,000 cells/l.
Coscinodiscus radiafus was taken the year round in small numbers,

but the grestest concentrations were found in August of both years,

with slightly smaller numbers in May and June 1952. Maximum
concentration 24,000 cells/l.

*Eucampia zoodiccus was found only in 1952, Common in the
spring diatom population, it reached a peak concentration in May.
It occurred again in August and then disappesred.

Guinardia flaccrda, found from April through July, was most abun-

dant in May 1962. Only a trace of it was found during the corre-
sponding period in 1953. Greatest number 156,000 cells/l.
Lauderia borenlia was » late winter and epring Sowering form.  The
peak came in mid-March, following or coinciding with the spring
flowering. In 1852, when phytoplankton was generally more abun-
dant, the species was observed through April, while in 1853 it disap-
peared four weeks earlier. Temperatures under 10°, with an optimum
from 3-7° are suggested for this species by the field data. ,

Leptocylindricus danicus. Included here are two forms which,
had intergrades not been found, could have been called Leptocylin-
dricus danicus and L. minimus. The two year cycle is shown in Fig,
9. The highest concentration was found in June 1952, although it
was common throughout the preceding spring months. Correspond-
ing spring and early summer populationy were insignificant in 1953.
It was taken slightly more often inshore,

It increased under all conditions of light, temperature, and nutrient
enrichment in experiments during the spring flowering peried. In
light experiments esrly in the season, the greatest increases occurred
in bottles receiving the most light; with the seasonal progression in

incident radiation, the greatest incresses took place in the gauze-

covered bottles. In the June 1854 experiment, this species did not
increase significantly in any bottlea that were exposed to the maximum
available light, including enriched ones, but it did increase significantly
in the bottle receiving about 259, of the maximum.

Paralia sulcata (Fig. 8). Throughout most of the annual cycle this
gpecies was found in small numbers, but in fall and winter it became
& ciief constituent and was an importent species in any fall flowering
that occurred. In experiments, it grow test in light of low intensity,
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with enrichment and with a temperature of at least 7°. The ex-
perimental evidence helps to explain its abundance in fall and winter.

Rhizosolenia delicatula (Fig. 9). Maximum numbers were found
in spring 1952, Smaller numbers occurred in spring 1953 and in the
fall of both years. As the incident radiation incressed in the spring,
this species was more successful in experimental bottles that received
less than the maximum light available. It also did well in enriched
bottles, N and P taking first and second place respsctively as the
most essentiul nutrients. In one experiment this species disappeared
from light bottles, whether enriched or not.
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Rhizosolenia frogillissima. Four blooms were recorded in the two
years, one in spring and three in late summer. In 1952, & bloom
which started in late April reached a peak concentration of 144,000
cells/l in early May, and a smaller bloom occurred in late August
and September, In 1853 no spring bloom was observed, but & large
blonm, with highest concentrations of 387,000 cells/l, occurred in
mid-August. The population died out by the end of August, out
in mid-September another smeller bloom was found. DBoth this
species and R. delicatula were present in late summer, but R. fragillis-
gimu was more abundant; possibly light is the critical factor in this
competition. : :

Schroederella delicatule was associated with the spring flowering
and postflowering peried. In 1952 it was found in small numbers
untit mid-April.  Iu 1535 it reachied & peak couceutrailon of 1,558,060
cells/l (average, all stations) on April 1, three weeks after the flowering
peak; it disappeared by mid-April. In 1854 the peak was probably
attained in mid-March.

Good growth was found in bottles covered with two and four
layers of gauze and in those with a 7° temperature, but greatest
increases were obtained in some of the enriched bottles, notably the
P,N,Mn combination. Low temnerature and low to moderate light
conditions were preferred, and it is possible also that it derived some
essential nutrients from the decaying flowering.

Skeletonema costatum was by far the most important member of the
phytoplankton community in the Sournd, being present in at least
trace quantities the year round (Fig. 10). It wae the dominant species
of the 1953 spring flowering, and in 19564 it shared dominance with
Thalasgiosira nordenski6ldii, During spring and summer, small
blooms took place, these being much larger in 1952 than in 1953,
A smsll bloom was algo recorded in the fall fowering of 1953.

In most experiments during the spring fSowering of 1954, this
species had a greater growth rate in light bottles and in those ¢overed
with two layers of gauze than did Thalassiosira nordenskidldii. It
increased most rapidly at this time at temperatures slightly higher
thar the environmental temperature of 1954. In later experiments
during the spring flowering, good growth occurred in uncovered
bottles and in bottles kept at higher temperatures, but hest growth
took place in enriched bottles, N being the most critical nutrient.
In other experiments during the warm months of 1833, S. costatum
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exhibited some growth in enriched bottles, but better growth was
often obtained in control bottles. In the 1954 summer experiment,
best growth took place in the bottle covered with two layers of gauze,
Experimental data indicate that there were limits of light aud tem-
perature below which 8. costatum wes less successful than other species,
but there was a wide range of conditions above these minimsa in
which it was dominant over most of the others. The summer of 1953
imposed some limits on §. costatum which were not present in 1852.
Braarud (1945) found this species more successful at 10° C than any
other species in his experiments.

Thalassiosira decipiens. The three most importent species of
Thalassiosira followed each other in regular succession throughout
the year (Fig. 11). T. decipiens was the fall and winter species.
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It appeared in late September or October and was taken continuously
until the end of March., Small numbers were occasionally found
in spring and early summer. It was a chief constitusnt of the 1853
fall flowering, and this species and Paralia sulcata were the two most
abundant forms throughout late fall and winter. During the spring
flowering in 1954, it was found to be most successful experimentally
at temperatures higher than those of the Sound, in gauze covered
bottles, and in enriched bottles. These results help in interpreting
the fall and winter abundance of this species.

Thalassiosira gravida weas the spring, summer, and early fall form
of this genus. Fig. i1 shows that, like many other diatoms, it was
more successful in 1952 than in 1053, In both years there was &
bloom just before it was replaced by 7. decipiens. In the 1954
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summer experiment it did well with N enrichment, but it grew even
better in the bottle covered with two layers of gauze; thus it is in-
dicated thet, while abundant nutrients stimulate the growth of this
species, they only partially overccme the inhibiting effect of light.
An alternative interpretation of the lLight bottle results is that other
species successfully outcompete T. gravida.

T'halassiosira nordenskiéldii was the spring flowering form of this
genus. It was merely present in 1852, had a small bloom that coin-
cided with the 1953 spring flowering, and, with §. costatum, dominated
the 19564 spring flowering (Fig. 11). As was pointed out above,
spring fowering temperatures and light were lower in the earlier
1954 flowering thau they were in 1953.

Experimental work showed thet this species grew best and had a

‘Thigher growth rate than 8. ccstatum at low light intensities but that

it was dominated by iS. costaium when the temperature was increased.
Good growth wase alsp obtained in bottles enriched with N and P.
Thus, low temperatures and low light intensities are suggested ss
optiraal, assuming no deficiency in the nutrient supply. If proper
light and temperature conditions prevail at & time when the rest of
the conditions are favorable for the spring flowering, this species
will either share dominance with or outcompete 8. costatum.

Thalassiosira rotuls occurred only sporadically throughout the year.
Small blooms took place during and just following the spring flowering,
in May-June, in mid-July, and in September and October. Small
numbers cccurred throughout the rest of the year. Maximum
concentration 375,000 cells/l in autumn 1953. Found more often
inshore.

Pennate Diatoms

Asterionella formosa, properly speaking, is a freshwater form.
It is undoubtedly carried by rivers into the Sound, where it can
perhaps exist marginally. It was fourd from January to May and
was most abundant, as might be expected, after pericds of high
precipitation, Highest concentration 57,000 cells/l. Normally the
numbers were much smaller,

Asterionella japonica was more siuccessful in 1952 than in 19353.
Highest numbers were found in March, and it was abundant from
May through July 1982. It disappeared in August and was not
found again until January 19563. One peak in 1953 coincided with
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the spring flowering; wnaller peaks were found in April and July.
A moderats bloom was found in October 1953 at the beginning of the
fall flowering. After this it disappeared and was not found sgain
until Mareh 1984, Found more often inshoure, Largest numbers
1,454.000 cells/1. ,

In the March 1{54 experiments thin species grew best iz some of
the gauze-covered bottles. It was also successful in a bottle with
a raised temperature as well as in bottles enriched with citric acid
only end with a combination of N,P,Mn, and citric acid. = All evidence
indicates that this species can grow in a wide range of temperature
conditions and that it prefers moderate light conclitions provided
nutrients are present in concentrations greater than the minimum
in the Sound. The more frequent occurrence of this species inshore,
cutpled with its sucvess in Luttles eurniclied with citric acid, suggests
& possible requirement for organic substances.

Ntizschia delicatisstma. This species, found in the spring and late
summer months of 1952, was taken only in May 1953. It was never
really successful in Long Island Sound. Highest concentration only
12,000 cells/l. Its seasonal distribution suggests moderate light
and nutrient requirements. It was found under a wide range of
temperature conditions.

Nitzschia longissima was found from March through December.
Principal periods of growth were late spring 1852, October 1952,
mid-July 1953, and mid-September 1853. Highest concentration
31,000 cells/l. Found more often inshore.

In the 1953 and 1954 summer experiments it did well in light bottles,
but it was even more successful in enriched bottles, concentrations
being ten times higher than the greatest natural ones. While this
response was clear-cut, one cannot discount the possibility that in-
creased surface ares provided by the bottles favored the growth of
this pennate dietom. Higher temperatures, moderate to high light
intensity, and enriched watars seemed favorable.

Nitzschia pungens atlantica, found from April to December 1852,
appeared only in October of 1953. Highest concentration 27,600
cells]l in June 1852 and October 1983. Found more often inshore.
Moderate light, moderate temperature, and at least raoderate amounts
of nutrient enrichment are suggested as requirements.

Thalassionema nitzschioides. Highest numbers were found in early
March 1952 (Fig. 10). Other small blooms occurred from August
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1952 through the spring fluwering of 1853. Another pesk was noted
in August 1953, but there was no increase at the time of the feall
flowering, and high concentrations were not found again until the
spring flowering in 1954. Though continually present in * g Island
Sound, it was seldom abundant enough to he classed ss .'dominant
species. Taken slightly more often offshore.

In the 1954 spring flowering experiments, best growth was often
obtained in bottles covered with four layers of gauze; good growth

'was also obtained in bottles enriched with PN, and additional nu-

trients. In the 18954 summer experiment, good growth occurred
in the bottle covered with two lavers of gauze, but better growth
occurred in some of the heavily enriched bottles. Growth was also
obtained in enrichment experiments in summer 1853, Maximum
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specific can be said.
| Dinoflagellates

Dinophysis acuminate was found in all months of the year except
January and Februery, In 1852 there were mall blooms in mid-
April and late May. The largest numbers in both years occurred
from mid-June through July, the maximum being 67,000 cells/l.
In 1953 a small bloom occurred at the end of June, and a larger one
took place in July, with 48,000 cells/1 in one sample. Taken more
often inshore.

Ezutiella apora was found only from June to September. The
largest concentration, at the end of June 1952, was 306,000 cells/1.
A much smaller peak was found at the end of July. In 1953 small
peaks cccurred around the end of June and the first of September,
the latter one being the larger. The distribution indicated a preference
for maximum light and temperature conditions.

Peridinium clongaium was found from May through August, some-
times in numbers great enough to constitute more than 59 of the
populstion.

Peridinium irochoideum. This species, found in trace quantities
the year round, was fairly common in the warm months of the year,
There was & small bloom in March 1952. The characteristic May-June
flowering was much larger in 1833 than in 1952; the highest number
for this period in 1952 was 141,000, in 1953 1,121,000 cells/l. Found
more often inshore. It is probably significant that it was one of the
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few species which did better the second yesar than the first during late
spring sud early summer.

Provocentrum sculellum?® occurred from June through February, _ ;
with peak concentrations in July and August. The summer bloom i f
in 1952 was slightly larger than that in 1963. A small bloom was ‘
elso found in September and October of both years. The distribu- :
tion suggested that greatest abundance ecincided with the sea-
sonal maxima in teraperature and probebly light. Maximum concen-
tration 600,000 cells/l in 1952. Found slightly more often offshore.

Silicofiagellates ‘

Distephanus speculum weas recorded throughout the year except

for a short period in October. The largest bloom was around the

. end of April 1852, with a peak concentration of 100000 ccllsh, Iu Sl g

: both 1933 and 1954, smell blooms took place during the spring flower-

ing. In the spring of 1954 it did well in bottles with reduced light

as well as in bottles enriched with B,N, and other nutrients, and in

one experiment with raised temperature. This evidence, plus fisld

data, indicates a preference for moderate light end temperature and
at least moderate nutrient conditions,

Ebria tripartita occurred the year round, except for a short period
in midfall. It exhibited best growth in August of both years, with
smaller blooms in May 1952 erd durirg the 1834 spring flowering.
Th2 summer bloom in 1952 was larger than that in 1853, Highest
concentration in 1852 during this period 49,000 cells/l.

Other Forms

In Long Island Sound, 4 phytoplankter was quite frequently ob- :
served which may have heen an aberrant dinoflagellate, but it re-- !
sembled more closely a freshwater Euglens. It was nearly always
found inshore, where it was taken sporadically the year round, al-
though it was most abundant in summer. Highest concentration
_ 217,000 cells/l, It wes always associated with ‘“red tides” in New
f Haven Harbor, but it was never a major red tide organism. In the
experiment performed with ‘“‘red water” on July 7, 19583, this species
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$ This may not be the correct identification of this organism, In many ways it
regembles Prorocentrum micans, buat it lacked that species’ pointed apex of the cell
body, Clearly identifiable P. micane have been found in Long Island Sound (see
p. 100),
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did particularly well. The initial concentration of 741,000 cells/]
at least tripled in all bottles except the high salinity replicate enriched
with N. It increased to ten tiries the initial corncentration in the
rephiante which wus enriched with N but in which the salinity was
not changed. Thus requirernents for high temperature and abundant
light are indicated, together with good enrichment, possibly derived
from shore. The optimum ealinity may be below the range usually
found in Lung Island Sound.

M1iNoR SpECIES
Centrate Diatoms

Actinoptychus senarius occurred thrcughout the year.

*Biddulphia aurile was found in small numbers from October
through February, reached peak numbers in March, disappeared
in April, and reappeared occcasionally in the summer. This species
consistently increased in the raised temperature experiments in the
Jpring of 1854, It algo did well in sume of the gauze-covered bottles.

*Biddulphia aurita obiusa. Small numbers in May.

Chaetoceros treve, May 1052.

Chaetoceros ronstrictum commonly occurred from January through
April in small numbers. ‘

Chaetoceros costatus was found the year round during periods of
high nutrient concentrations.

Chnetoceros danicum occurred in greatest abundance from February
through April, with lesser peaks in May and July. It was found
in small numbers throughout the rest of the year.

Chaceloceros decipiens appeared in January, reached a climax in
March, experienced minor blooms from May through September,
and disappeared in October. It did well in N-enriched experiments,

Chacetoceros gracile was token only in 1952, Greatest concentrations
were found in March, smaller onesin July. It disappeared in August,

Chaetoceros laudert was found only in July 1952 when it was rela-
tively abundant,

Chaetoceros gimile. March, April, and July 1952 and late winter
1954.

Chaetoceros subsecundum occurred as a trace in February and was
most abundant in March.

Chaetoceros teres. Present in July and August of 1852,

*Coscinodiscus ceniralue pacifica was found from June through
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December, with a peak in August,  This suggests a high temperature
preference. It showed a significant increase in one fall experiment
enriched with P.

Coscinodiscus concinnus was found mainly in August, although a
few were also present in December.

*Cosctnodiscus excenivicus, present in small numbers throughout
much of the year, reached péak concentrations during May and
Qctober. During the latter month it was sometimes difficult to
make a clear distinction between this species and large single cells
of Thalasgiosira dectpiens. : _

Coscinodiscus lineatus was found throughout 1952, being most
common in May and October.

Coscinodiscus vculus-iridis. January tn April 1952,

Ucseinosira polychorda. Small numbers in May 1953.

*Ditylum brightwelliy was most common in 1852; in other years
it was found only as an occasional trace. In 1952 it was most abun-
dant in March, common from April to August, and present as a
trace from October to December.

Hemtaulus hauckii and H. sinensis. August 1852 only.

Lithodesmium undulaiumm. Smell numbers in September s&and
October 1953. ,

Melosira iialica (7), like Asterionella formosa (sce p. 93), is properly
o freshwater form, but it was occasionally found in Long Island
Sound, apparentlv i a viable condition, chiefly in the spring months
after heavy rains.

Rhizosolenia calcar-avis was fouad as a trace in August 1952,

Rhizoaolenia hebalata occurred a8 a trace in May 1952,

*Rhizosolenia setigera wae common the year round. Smallest num-
bers occurred in November and December; highest numbers were
found from February to May; a small peak was also found in Septem-
ber. This species showed some increase in a bottle covered with six
layers of gauze and in several of the bottles enriched with only one in-
organic element.

Rhizosolenia siyliformie and R. styliformis longispina were found
in a few samples in April and May 1952.

Pennate Diatoms

Bacillaria pazillifer. May and July 1952,
Diatoma elongatum. Smeall numbers in the spring of 1952,
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Fragiilarie crotonensis.  October to December 1952.

Grammatophora marine. Small numbers from October to December
aend from March to May. '

Licmophera abbreviata snd Licmophora spp. were found in small
numbers in March, April, and September.

Navicula distane occurred from September to 3lay, with a peak 54
in November.

Nitzschia bilobata was found from March through July in 1952, but
only in March 1953,

Nitzschia closterium wae obtained from December to August, with
a peak in March. In two summer cxperiments this species increased
in bottles enriched with ¢nly N.

Nitzschia pacifica. Small numbers from May through July.
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Pleurgsigiig normunt vccurred the year round, with highest con-
centrations in May and November,
Rhaphoners amphiceros was found in a few sampies in March and ;
September. !
Rhabdonema minutem occurred as a trace in QOctober. X
Striatella tnterrupta wss taken in June and in the fall months, with
greatest numbers in October, B
Surirella fastuosa recendens. Small numbers in August and Decem- g
cer. ki
Thalussiothriz frauenfeldii. March through May in 1052 only. :
Dinoflagellates 4}
cerazwm Sfusus occurred from Masay through July, with highest
numbers in June. g
Ceratium lincatum waa found from April through August, with a 3
peak in June and July. In a mid-June experiment in 1953 this species 3

increased significantly only in bottles enriched with soil extract.
Dinophysis acuta was found as a trace in March 1252 and in small
numbers from June through August 1953,
Dinophysis arctica. Small nurabers in July and August 1852,
Dinophysis caudata. April 1853 only.
Dinophysis recurva. March 1852 only.
Ezuviella baltica was taken from NMarch through July, with & peak
in May. Greater numbers were taken in 1952 than in 1953.
Glenodinium dinobryonis was present from March through August,
with a peak in May and a smailer one in July.
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7lenodinium gymnodinium. April and May.
Glenodinium lenticula was found from March through October, wish

. greatest numbers from March to May 1952,

Glenodintum pilula, Smoall numbers from May to October; it was
more abundant in 1953 than in 1952.

Glenodinium rolundum was found 48 a trace in May and June 1952.

Goniaulaz africana (7) and G. cochlea (?) were the chief red tide
organisms (see Conover, 1954). They were found in small numbers
in the Sound, almost always at the inshore stations. Their existence
in open Sound waters was marginal at best.

Goniaulaz minima was found from June through September, with
greatest concentrations in June, It was often associated with red
tides.

Gymnodinium canus. March through June, with & June peak;
also September through November.

Gymnodinium caput, April through June, with a small peak in the
latter month,

Gymnodinium heterosirialum. Trace quantities in March 1952
and May 19853.

Peridintum breve. March through July, with a peak in May.

Peridinium bulla. April end May, with greatest abundance in
the latter month.

Peridinium fimbriatum was found from May through July, with
the highest concentrations in May. The 1853 May peak was larger
than thet of the year previous.

Peridinium globulus was taken from February through July, being
most abundant from March to May.

Peridinium hyalinum. April through July, with peak numbers
in June and July.

Peridintum manusculum, March through August, with a peak
in May.

Peridinium {riguelum. Small numbers from Msy through August.

Peridimium spp. 18 a general category for many individuals not
easily identified. Individuals in this group were taken from March
through September, but by far the greatest numbers were taken in
the summer months when the other members of this genus were
generally most abundant.

Prorocentrum micans. March through September, with small peaks
in March and in June and July.

Prorocentrum iriestinum, August through October.
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Silicoflagellates
Dictyocka fibula was taken occasionally in September and January.

Coccolithophores

Individuals of this group were occasionally found; most often they
resembled descriptions of the genus Acantheoica. They were never
taken in large numbers and were found only in March and April,

Other Forms

At least two species of green or blue-green algae, ome resembling
Araebena, were cceesionally taken in the ssmples. They were
prosably freshwater forms thal were washed nto the Sound, They
were taken most often in summer.

PHYTOPLANKTOXN ASSOCIATIONS

, Even the most cursory glance at the previous section reveals a
§ regular succession of important species through the annual cycle;
’ furthermore, this succession was repeated from year to year. Of
course, the two annual cycles were not exactly the same. There were
slight shifts in the time of various events, and many species did not
occur in the same abundance each year. The most important varia-
tions between the twou years, as pointed out previously, were the
greater number of dincflageilates and the markadly smaller numbers
of diatoms in the late spring and summer of 1853 as compared with
1952, and the presence of a fall flowering in 1853 which was absent
the previous year,

The spring flowering was dominated by either Skeletonema costaium
alone or by 8. costatum anud Thalassiosira nordenskisldit together.
Other species were typically found in significant numbers at this
time as well. Chaelozeros compressum and C. radians-C, tortissi-
mum, Leptocylindricus danicue, Rkizosolenia delicatula, Thalassionema
nitzschioides, Peridinium trochoideum, and Distephanus speculum were
abundant. Asterionella japonica, Lauderia borealis, and Schroederella
delicalvla appeared during the flowering and reached ciimaxes a few
weeks after the main flowering peak. This was particularly striking
in the case of S. delicatula; perhaps this species is favored by the
presence of products of the decaying ficwering. The actual numbers
and relative importance of these spring flowering species varied from
yesar tn year.
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In the spring months, another group of phytoplankton species
became abundant. Y¥rom April through early June, Skeletonemo
costelum persisted, as did Chaetocercs compressum, Rhizosolenia deli-
catula, Thalassiosira rotula, and Aslerionella japonica. Asterionella
formosa commonly occurred in the spring plankton. Thalassiosira
gravida replaced T. norcenskioldiy a8 the most abundant member of
this genus. Highest concentrations of Distephanus speculum occurred
in April.  In May, blooms of Ceratauling pelagica, Guinardia flaccida,
and Rhizosolenia fragillissima were observed. Peridinium trochoideum
reached highest concentrations in May and June, Leptocylindricus
danicus in June. :

- Perdiniumn irochoideum, Linophysis acuminala, and Ezuviéla

apora shared dominance during late June and early July, and several
species of Ceratium were present. In late July Prorocentrum scutellum
became plentiful, and in 1852 the ubiquitous Skeletonema costatum
liad another bloom at this time. Early in August Ebria tripartita
and Rhizosolenia fragillissima were abundent. In late August and
September, Cerataulina pelagica, Chaeloceras affine, C. compressum,
and €. curvizelus were found. If conditivns became suitable for a
small general bloom, some or all of these species dominated it. As
the season progressed into October, Corethron criophilum, Coscinodiscus
perforatus cellulose, C. radiatus, and Skeletcnema costalum appeared
in greater numbers. Thalassiosira gravida, T. rotula, Asterionella
Jagponica, and Thalassionema nilzschioides were taken regularly in this
period a8 well.

Corethron criophilum, Coscinodiscus perforaius cellulosa, C. radiatus,
Thalassiosira gravida, T. rotula, and Thalassionema nitzschioides
persisted through October but occurred in diminishing numbers as the
season advanced. Rhizosolenia delicatula, Skeletonema costatum,
and Peridinium {rockoideum were also common at this time. Paralia
sulcata and Thalassiosira decipiens, which rapidly became dominant
in late October, continued abundant through December and early
January. If an October fowering occurred it was dominated by these
two species plus Skeletonema costatum. Thalassionema nitzschioides
also was common.

In January, other species hegan to succeed Paralia sulcata sznd
Thalassiosira decipiens as conditions gradually became favorable for
a spring fiowering, but they continued to be found in derreasing
numbers until the time of the flowering climax.
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The following species occurred in markedly greater numbers in
1952 than in 1833: Ceraiauling pelagica, Chaetoceros compressum,
Datylum brightwellit, Eucampia zoodiacus, Guinerdia flaccida, Lepto-
eylindricus danicus, Rhizosolenia delicatula, R. fragillissima, Skeletone-
ma costatum, Thalassiosira gravida, Asterionella japonica, Nitzschia
pungens atlaniica, and Distephanus speculum. Peridinium elongatum,
P. fimbriatusm, and P. trochoideum were more sbundant in 1953 than
in 1952 ’

ENVIRONMENTAL CONDITIONS AND
THE ANNUAL CYCLE

In the marine environment there are several ecological factors
which control the increase and decrease of the standing phytoplankton
crop as measured by cell numbers and the amount of chlorophyll.
Only one factor directly alters the number of cells in the water column,
namely, grazing by herbivores; other factors operate indirectly by
affecting the physiology of the cells, Of the five essentials in suto-
trophic plani growth and maintenance, namely carbon dioxide, water,
oxygon, light energy, and nutrients, probably only the last two need
be considerad in Long Island Sound. However, the complexities of
the oceanic environment are such that many factors influence the rate
of supply of the essentials. These factors will be discussed briefly
before proceeding with an analysis of the seasonal cycle.

The light available to the phytoplankton in the Sound is summarized
in two ways. Fig. 7 shows the estimated incident rediation at the
surface together with estimates for two other depths calculated from
the formula I, = I.e~**; I, is the radiation in g cal/cm?/day at depth 2,
I, is incident radiation, and % is the extinction coefficient per meter
as determined from Secchi disc readings, using the conversion method
described by Poole and Atkins (1829). (See Riley’s paper on PRYSICAL
OcEaNOGRAPHY in this volume.) Monthly means are given in
Table II.

Light and dark bottle experiments bave shown that a small amount
of photosynthesis occurs at depths of 15 m or more in summer. Anal-
yvees of oxygen distribution (see Riley’s paper on PrRopvcTION and
UriLizaTioN in this volume) indicate that photosynthetic oxygen
production exceeds oxygen consumption by the plankton community
in the upper 10 or 158 m during summer bui only in about the upper
2.5 m during winter. In the latter case particularly, the depth of
water and the amount of turbulence will have an important effect
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on the amount of light available for eny individual cell. Optimum
conditions for growth are to be found in shallow water or in deeper
but vertically stable water that permits retention of cells near the
gsurface where they can grow actively. Conversely, growth will
be reduced by vertical turbulence, which haa the net effect of reducing
the amount of light available for each cell in the population, or by
lateral mixing, which tends to reduce the shallow water population.

It is also apparent from the experimenta] work that inorganic
nutrients, particularly nitrogen, influence the rate of increase of the
population; these are probably the most important controlling factors
during spring and summer.

There are twn nther factors whick indirectly comtrol the phyto-
plankton populstion, namely temperature and sahmty Perhaps
their most obvious effect is the influence on speciea composition.
Temperature also influences the rates of photosynthesis, nutrient
uptake, and respiration (Barker, 1935a, 1035b; Hoagland, 1948;
Margalef, 1954), and perbaps it affects the sinking rate by altering
the viscosity of the water. Loss of cells by sinking may also be
influenced by various other factors that alter the phvslologlcal state
of the organisms.

Midwinter. The environment st this time was characterized by
minimum radiation, decreasing temperature, slight stability aund
strong vertical turbulence, and large concentrations of phosphate
and nitrate. Experimental measurements of daily photosynthesis
of the surface phytoplankton population averaged 0.15 ml 0,1 in
December and January, or about half the annual mean. In view
of the small amount of phytoplankton in the water, this indicates
a relatively high rate of preduction in the surface layer. Howerver,
the observed distribution of oxygen indicates that production exceeded
consumption only in the upper few meters. Thus it seems likely
that Jow light intensity and strong vertical turbulence were respowuzible
for suppression of growth in the population as a whcle.

The Flowering Period. A winter bloom appears to be common
in Long Island Sound. The flowering here tends to be earlier than
that in more exposed New England waters, such as Block Island
Sound, Georges Bank, and the Gulf of Maine, but it is later than
that which occurs in some very shullow protected bays (Fish, 1925;
Bigelow, 1926).
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In 1953 the flowering started between February 18 and 24 and
culminated about March 18. The following year it was three weeks
earlier. Both blooms fell within the pericd of gradually increasing
vernul radiation. But there were no pronounced differences in the
radiation pattern from one year to the next; hence the general level
of radiation was significantly lower at the time of the 1954 flowering.

A slight amount of surface warming, with accompanying reduction
in vertical turbuience, vceurred during the 1953 flowering. In 1884,
this did not occur until near the end of the bloom, and calculated
values for vertical turbulence were larger than those in the flowering
period of the preceding year. Thus the earliness of the 1954 flowering
cannct ke ¢xplained on the basis of radiation or vertical stability.
There were indications of greater horizontal stability in 1954 in that
the density difference between inshore and offshore waters was con-
giderably greater than that in 1953. I the climax occurred & week
earlier inshore, as is suggested by the data, then the case for the im-
portance of horizontal stability is strengthened. Under such con-
ditions, events in the inshore waters should be largely independent
of those in the cffshore environment. The effective radiation would
presumably reach the critical level in the shallow water before con-
ditions became favorable offehore, and retention of the population
inghore would therefore promote an early flowering,

The magnitude of exchange between inshore and offshore waters
is highly variable and has not been analyzed in quantitative terms,
so that its importarce in the present study cannot be evaluated
precisely. It is reasonable to suppuse that horizontal stability helped
to promote an early flowering in 1054 but was not necessarily the
major factor,

Another aspect that needs to be considered is the species composition
during the flowering and the physical requirements of the dominant
species. The bloom was dominated by centrate diatoms, although
pennate distoms and silicoflagellates also showed considerable growth.
The two most important species were Skelelonema costalum and
Thalassiosira nordenskitldii. Both were present during the mid-
winter perind. As the 1953 flowering progressed, S. costalum became
excessively dominant; at the stations sampled on March 9 it achieved
a maximum concentration of 36 million cells/l comparcd with ono
million T. nordenskiéldii. In 1954 T. nordenskisldii was relatively
more important. It increased to a maximum of six million on Febru-
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ary 17 while S. costatum achieved a peek concentration of nine million

- the following week. Since the former is a much larger epecies, it

clearly dominated the early part of the flowering with respect to
volume of plant material if not total numbers.

The experiments during the 1954 fowering period showed that T.
nordenskidldii was successful in competition with S. costatum at
temperatures of less than 2-3° C, while the latter species was more
successful at higher temperaturea. There are indications too that
T. nordenskialdii could grow actively at lower light intensity than
that required by S. costatum. ‘

The experiments readily explain the observed differences in species
compusition io the Sound. The winter of 1868 was une of the Warmaest
on record, and the mean water temperature was 3.2° in February
end 3.7° in March. More nearly normal conditions were found in
1854, with a mean temperature of 1.7°in February. This undoubtedly
favored the growth of T'. nordenekidldii; it iz further suggested that
the tolerance of this species tc low light intensity was important in
promoting an early flowering.

The growth coefficients indicate that the large amounts of phy-
toplankton at the pesk of the flowering resulted from a steady popu-
lation growth under favorable environmental conditions ratner than
from a sudden change in growth rate. Growth rates were quite
high throughout this period but were not significantly higher than
those at other times of the year. A graph of K values against time
did not resemble the theoretical logistic observed in laboratory cul-
tures, since growth rates appeared to be relatively constant so long
as the population numbers were increasing. However, coefficients of
oxygen production and consumption suggest that the phytoplankton
was physiologically more active two weeks before the climax than on
the day when maximum numbers were observed. Possibly the point
designated as the climax of the flowering in Fig. 1 was actually in the
early post-flowering phase, in which case senescence might explain the
lower coefficient of oxygen production; however, the Jdata from the
intervening week indicate that the coefficient of oxygen production
actually started to decline while the population was still increasing.

Termination of the flowering was clearly brought ebout by nutrient
depletion. Addition of inorganic nutrients, nitrogen being the
most important, restored the phytoplankton population to flowering
levels within the period of the e¢xperiments except in one case, previ-
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ously discussed, where the physmlogmal state of senescence probably
introduced a lag. ,

The zooplankton increased sught]y during and after the fiowering,
but experiments (see R. J. Conover in this volume) indicate that the
grazing factor was not sufficiently important to control the fiowering.
Moreover, from the peuk of the bloom through the postflowering
stage, maximum chlorophyll concentrations occurred st the greatest
depth sampled, suggesting that the sencscent diatormas were sinking
to the bottom.

Spring and Summer. Small oscillaticns in abundance occurred
from the time of re-establishment of growth after the spring flowering

through August, As wns mentioned above, there were distinet
differences in this period between the two years, hoth as to size of
population and species and group composition,

These facts were supplied from the weekly analyses. Radiation
values continued to increase from the time of the flowering until the
sunual maximum in June and July. There was somewhat higher
radiation in 1953 than in 1952, but variations in the monthly distribu-
tion were probably more important, In 1952 more light was available
in April and May and less in June and August than in the same
moutns of 1953. Monthly temperature averages show some differ-
ences; April and July were about the same in each year, but May
was colder and June warmer in 1952. Also, there was marked salinity
stratification; the salinity pattern was somewhsat different in the two
years as the result of spring flooding in 1853. In 1952 there was
some inerease in nutrients after the spring flowering, but in 1953
there was little renewsal. The vearly nutrient minimum occurred
in June of both vears, and by August some replenishment had taken
place.

Probably the most critical factor at this time of year wes the supply
of nutrients, although zooplankton grazing may have been critical
at times. In the June 1934 experiment, chlorcphyll increased to
spring flowering levels in enrichment experiments. Since only
sitnple inurganic elements were added to obtain this growth, it was
concluded that these were the limiting factors. Nitrogen was found
to be the most important nutrient. Since light conditions were
favorable for continuous growth, nutrients were ufilized by the
actively growing cells as soon ag they became available. Thus the
upper limit of population size would be determined by the rate of
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nutrient. renewal. Case 4 of Braarud, et al. (1853) was applicable
to an incressingly larger areae of Long Island Sound as the days grew
longer. In shallow waters the euphotic zone extends to the bottom,
and a well developed bottom community (including pennate diatoms)
would develop and compete with the pelagic forms for critical nu-
trients as they are renewed from bottom sources. Although case 1
of Braarud, et al. (1853) superficially resembled conditions at the
deeper stations in the Sound, there was no nutrient stratification
as in the Norwegian waters, Calculations based on -temperature
data suggest that vertical turbulence was active in spite of significant
stratification (see Riley’s paper on FEYSICAL OCEANOGRAPHY in this
volume). The explahition for low spring and summer nutrient
concentrations in the Sound would seem to be immediate utilization
by plante at all levels in the water rolumis.

The amount of light was also significantly lower in June 1852, the
time of the last large diatom bloom. Experimental results suggest
thet light intensity may be en important factor in the competition
between diatoras and dinoflagellates. In the experiment of June
1954, raw sea water of low nutrient concentration was enriched and
suspended in the Sound at a depth of 0.5 m for several days. At the
same time, & series of bottles containing unenriched Sound water
was exposed to several different light intenasities. Chlorophyll in-
creased in some of the enriched bottles, but apparently the species
favored by this enrichment were destroyed by formalin. On the
other hand, diatom growth was obteined without enrichment merely
by cutting down the amount of light available, The largest increase
was obtained at an estimated 259, of the light available at G.5 m.
Some growth was cbteined in bottles receiving even less light. Al-
though the intensity of light appears to be important in the control of
competition between diatoms and dinoflagellates, no safe generaliza-
tion about the light available in the natural environment can be made
without consideration of turbulence.

Temperature may also play & part in the transition from diatoms
to dinoflagellates. Grentved (1852) found that dinoflagellate replace-
ment wses delayed in the ccoler year of his study. In Long Island
Sound, May was cooler in 1952 than in 1953; however, the June 1952
temperature averaged warmer than 1033,

Autumn and Early Winter. Light again became the most{ eritical
factor during autumn. Not only wasg incident radiation decreasing
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toward the annual minimum, but also strong vertical mixing by
turbulence and convective cooling followed destruction of the sum-

mer thermocline.
Significant quantities of nitrate appeared in the water column in

- September, end phosphaie, wh.ch had increased slightly during the

summer, rose more rapidly in autumn. In general, nutrient regencra-
tion exceeded utilization, but with certain exceptions that are noted
below.

By the end of September, diatoms had nearly replaced dinoflagel-
lates once again. There followed, in 1952, a gradual decrease to a
minimum population in late autumn. In 1953, & small flowering
in September and Octaber was accompanicd by a reduction innutrient
concentrations and this apparently led to a temporary increase in
the zooplankton stock. According to Riley (unpublished data),
sutumn flowerings have occurred occasionsally in previous years;
in 1954, aithough none was found in the central basin, a large one
was found in a limited area in the shallow water at the western end
of the Sound. In deeper waters off the New England coast, such as
the Gulf of Maine, there is usually a late summer or early autumn
flowering of fairly large magnitude (Bigelow, ef al., 1940). Apparently
it comes scon after the seasonal temperature maximum, when the
deepening and gradual destruction of the thermocline is beginning
to bring nutrient~-rich water to the surface. In Long Island Sound
no such store of nutrients is available in the deeper water. There
must be the preliminary step of s declining phytoplankton growth
rate and an excess of regeneration over utilization before there can
be a sufficient stock of nutrients to support & large flowering. This
oceurs in 'ate September, and by then the light intensity may be in-
adequate to permit a flowering ir the presence of strong vertical
mixing. It is pertinent in this connection to note that Harvey,
et al. (1935) considered lignt as the primary factor controlling the {all
flowering in the English Channel. There, a8 in the Sound, the Aower-
ing was of uncertain occurrence and appeared late in the season.

In comparing environmenta! conditions, there were no pronounced
differences from one autumn to the next. During the critical period
from mid-September to mid-October, the estimated average radiation
weas 366 g cal/cm?/dey in 1952, 415 in 1953, and 335 in 1954. Dif-
ferences in vertical stability and in the amount of wind were essentially
negligible. It is conceivable that the biological system was so deli-
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cately poised that a mere 159, difference in radiation could determine
the presence or absence of an autumn bloom. However, further work
is needed to check this point.

Ceratauling pelagica and several species of Chaetoceros have been
mentioned previously as distinctive elements of the early autumn
population and as dominants ia the early part of the 1953 flowering.
As the season progressed, other species became dominant; in the
later part of the 1953 flowering, Paralia sulcata, Skeletonemu costatum,
and Thalassiosira decipiens were the most important species.

During the remsirnder of the autumn and early winter there was a
decrease in total population and a gradual chenge in composition
to species more suited to the autumn environment, Corethron crio-
philum, one of the species typical of early fall, showed a distinct
preference in experimental bottles for strong light, high salinity and
temperature, and nutrient enrichment. The two most abundant
late autumn species, Paralia sulcata and Thalassiosira decipiens,
thrived in dim light, nutrient enrichment, and an intermediate range
of temperatures. They did not grow well in experimental bottles
at temperatures approaching the seasonsl minimum, and in nature
they were replaced at that time by the typical midwinter flora.
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ABSTRACT

Zooplankton samples wers collected by oblique hauls with s Clarke-Bumpus
gampler, using i30th No, 2 and No. 10 silk nets, at weekly intervals at four stations
from Mzarch 1952 to March 1054. Quantitative counts have been mada on only
those samples obtained from March 5, 1952 to June 1, 1953, but determinstions of
total displacement volumes are available for tlie entire two yaar period.
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The sessons] cycle in total numbers of organisms from the No. 10 net samples
showed maxims in late spring and late summer, with numbers incressing in the
spring and decreasing during the fall to the midwinter miinimum. The largest mean
total number, over 200,000/m? was recorded in late May 1952, The No. 2 net
sanples revenled maximal numbers of the larger furms in April and from August to
Septamber 1052: minimal numbers were found in October and November, The
m . displacement volumes obtained for the two year period were 0.95 cc/m? for
the No. 10 net hauls and 0.20 cc/m? for the No. 2 net samples. Mean XNu. 10 net
displacement volumes recorded for the total water column varied from 8.1 cc/m? at
St. 1 to 19.8 ce/m? at St. 2.

The copepods were the major group found in the zooplankton. The larvae of
bottorm invertebrates were second in numbers, while severnl species of Cladocers
and s few other forms were fairly abundant seasonaily. The total number of
sposics in Kmited, sncc most noritic foimus arc oxcluded from the Sound by the lower
galinities, The important species were Aeartia daust, A. tonsa, Temora longteornis,
Preudocolanue minutus, Paracdanus crassirasiris, and Githona spp.

A comparison of displacement volumes and total nurubers of organisms recorded
from Georges Bank, Block Island S8ound and Long Ieland Sound shows a tremendous
increass in total numbers and a concomitant decrease in mean gize of individuals in
passing from offshore neritic waters to inshore peritic and then to more enclosed, less
saline waters. The lower aalinity of Long Island Sound favors the development of
an abundant zcoplankton population composed largely of small species, which furnish
adequate food only for the young of various fish and for those plankton-feeding fish
which are efficient filter feeders. Thus, despite the high total numbers arnd tke rela-
tively high volumes of gooplsnkton present, Long Island Sound does not support any
important commercial fisheries but acts s a spawning ground and nursery for young

fish.
INTRODUCTION

The collection of zooplankton samples at certain stations and at
weekly intervals has been part of the preograra of research on the
bydrography and biology of Long Island Sound. Determinations
of the displecement volumes have heen completed for the two years,
but the material has been examined and quantitative counts have
been made only for the period Mareh 5, 1952 to June 1, 1953.

The zooplankton organisms sre all euryhaline species. The range
in salinity is not great, usually varying between 25 and 28%, during
the year. Although occasional specimens of the neritic species com-
mon in the open coastzal waters are carried into the Sound from Block
Island Sound, observations of such occurrences have been relatively
rare, since these forms are unable to survive at the lower salinities.
The pertinent temperature and salinity date are presented in Fig. 1
of Riley’s report, PBysical. OCEANOGRAPHY, in this volume.

Two other investigations have rlso been made on the zooplankton
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material, both of which are reported in this volume., Wheatland
has made an intensive examination of the fish eggs and larvae ob-
tained in these hauls, and R. J. Conover has made & special study, using
both live and preserved material, of Acartia claust and A. fonsa, the
most important copepods. The present report is a general survey
of the species composition and quantity of the znoplankton.

ACKNOWLEDGMENTS

The samples were collected by Gordon Riley, assisted by Shirley
and Robert Conover and Howard Sanders, to all of whom it is a
pleasure to express my thanks. Also, I am most grateful to Gordon
Riley for determinstions of the displacement volumes, but I am es-
pecially indebted to him for his considered advice, cheerfully given
at any time, and for sharing with me his knowledge of oceancgraphic
problems in general.

METEHODS

The samples were obtained by cblique tows with a Clarke-Bumpus
sampler, using both No. 2 and No. 10 silk nets. The hauls were made
from near bottom to the surface. The weight, attached about one
meter below the sampler, could be lowered to the bottom, thus avoid-
ing contamination of the sample with bottom material. However, at
the deeper stations and at St. 8 where the depth was especially ir-
regular, it was not always feasible to fish the whole water column.

Sts. 1, 2, 5, and 8 were visited regularly. As a rule, samples were
collected at Sts. 1 and 2 every week and at 5 and 8 on alternate weeks,
since the distances involved were too great to visit all four stations
in a day's cruise. Thus hauls were made at Sts. 1, 2, and 5 in one
week and at 1, 2, and 8 the next. TUsually five samples were ob-
tained each week; No. 2 and No. 10 net, tows were meade at two sta-
tions and & No. 10 net haul at the third.

All the stations studied are in the central portion of Long Island
Sound (see Fig. ! in Riley’s INTRoDUCTION). St. 2 is approximately
in the center of the Sound, while 1 is off Milford, 8 is off the Thimble
Islands, and 5 is off the north shore of Long Island., Sts. 1 and 8
are inshore and 2 and 5 are offshore stations.

During cruises to the eastern and western parts of the Sound in
the spring and fall of 1952 and in spring of 1933, the No. 2 net was
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used for most of the zooplankton hauls, although a few No. 10 net
samples were collected.

Thke usual procedure has been foliowed in making quantitative
counts. A sample was diluted to a known volume and stirred thor-
oughly, after which 5 or 10 cc, or more, were removed to the counting
chember. The number per cubic meter was obtained by dividing
the total number cf crganisms in the sample by the volume of water
strained when the sample was collected. All of the species have not
yet been identified; the species of Oithona, for example, were notf dif-
ferentiated when the counts were made, and no attempt has been
made to identify many of the larvae of bottom invertebrates, such
as lamellibranch veligers, polychaete larvae, etc.

The total displacement volumes were obteined by straining the
samples on g filter of No. 20 bolting silk, washing them several times
with tap water, and removing the excess water by plecing the silk
on filter paper or some other absorbent surface for several minutes.
The organisms were then removed from the silk with 2 thin spatula
and put into a measured volume of water to obtain the displacement
volume. Such determinations were made on all of the samples,
except for some collected during February and March in 1853 and
1954 when too much phytoplankton weas present to allow accurate
determinations to be made.

THE ZOOPLANKTON
TEE ToTAL ZOOPLANKTON

The mean total numbers of zooplankton organisms per cubic
meter taken with the N¢. 2 and No. 10 nets from March 5, 1952
to June 1, 1953 are shown in Fig. 1. It is immediately apparent
how emall a proportion of the total population was sampled by the
No.2net. Onlyin April 1952 did the numbers of No. 2 net organisms
exceed 20,000/m?, while numbers of over 200,000/m? were obtained
by the No. 10 net hauls in late May 1952; mean total numbers of
over 100,000/m® were found during most of the period from late May
through mid-September.

Comparison of the No. 10 net data for individual stations showed
that total numbers of over 200,000/m? were recorded only 8¢ Sts. 1 and
2. At St. 2 the maximal number of 213,000/m® was obtained in mid-
August, while at St. 1 total numbers of 258,000/m?, the highest re-
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corded thus far in this survey, were found in early September. Never-
theless, the late summer maximum is not shown as strikingly in Fig, 1
as the late spring maximura, This is because a great increase took
plaece simultaneously at all four stations in late May and early June,
whereas the time of occurrence of the late summer maximum varied
from station to station. The data obtained for St. 8 differed from
those recorded for the other stations in that there was no marked
increase in total numbers during the late summer; the numbers

TABLE I, Mzean MoxteLY TorAL NonMBERS OF Z0OPLANETON PER CUBIC
METER axD PER 8qQUaRE M=TER v Lone Isranp Sovnp, 1952-1953.

Mean Total Numbers per Cubic Meter Mean of AUl Stalions

Tolal Total

Station Station Station Station No. No.

b 2 & 8 per M} per M

March 11,750 25,875 41,730 21,50 25,875 475,050
April 43,880 85,300 25,600 31,750 44,2558 725,000
May 110,920 111,510 104,600 115,800 111,200 1,728,800
June 210,800 142,506 111,600 100,400 161,385 2,230,330
July 70,275 83,849 78,615 77,070 77,000 1,230,540
Augiist 107,555 152,070 108,700 84,025 114,715 1,800,220
Sepiember 145,680 80,575 85,400 40,200 105,140 1,507,870
October 27,730 19,290 85,750 36,800 31,180 507,405
November 28,855 32,735 38,800 24,000 31,350 529,800
Decomber 11,840 15,090 23,600 8,870 14,525 238,080
January 8,530 10,530 15,675 8,500 10,835 189,365
February 16,475 14,685 28,900 28 800 198,560 347,000
March 15,400 44 400 61,875 -_— 45,840 1,093,310
April 49,300 72,000 68,800 8,050 53,430 1,140,180
May 97,370 83,185 64,000 43,150 78,870 1,153,400

increased abruptly to nearly 200,000/m® in late May and then declined
graduelly to the seasonal minimum in late December.

Table I gives the mean monthly total numbers of the No. 10 net
samples for 8ts. 1, 2, 5, and 8; also given are the mean monthly num-
bers per cubic meter and per square meter of sea surface obtained by
averaging the data from all No. 10 net hauls. At all stations the
total numbers incressed abruptly from April to May and remained
high dvuring June. High numbers were recorded during August at
Sts. 2 and 5 and in August and September at St. 1. The decrease
from September to October was particularly marked at Sts. ! and 2.
Minimal numbers were found in December and January, but through-
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out the fall and winter the mean monthiv numbers were somewhat
greater at St. & than at the shallower stations. The yearly cycle,
as revealed by the No. 10 net samples of 1952 to 1033, showed es-
sentially o single maximum during the warmer months. the numbers
increasing in the spring and decreasing in the fall to the mid-winter
minimum.

The data for Sts. 1 and 2 at depths of 9 and 20 m respectively may
be used to compsare the total numbers of organisms per square meter
of sea surface in the inshore and offshore weaters. As expected, the
numbers were approximately twice as large at the deeper station,
where over 4,000,000/m? were found in August. Even at 8t. 1, over
2,000,000/m* were recorded in late spring and late summer. These
figures are high when compared with those obtained for Block Island
Sound (Deevey, 1952a) where the mean depth is 30 m; the highest
numbers there did not exceed 1,000,000/m? of sea surface.

The No. 2 net samples (see Fig. 1) showed that maximal numbers
of the larger forms were found during April and from mid-August
to mid-September. Only in April 1852 did the numbers taken in the
No. 2 net hauls exceed by a few bundred those obtained in the No.
10 net samples. The highest mean number, recorded in April 1952,
was a little over 30,000/m8, twice the highest number found in April
1953. During October and November minimal numbers were present;
from December onwards the totals increased gradually to the April
maximum.

The mean toial zooplankton displacement volumes obtained for
the No. 2 and No. 10 net samples from March 1852 to March 1954
are shown in Fig. 2. For a comparison of the seasonal cycles of
phosphate, nitrate, chlorophyll, and the No. 10 net volumes from
the inshore and offshore stations, see Riley and Conover’s accompany-
ing report, CHEMICAL OCcEANOGRAPEY. The quantity of zooplankton
wes considerably greater in 1952 than in 1953. It is probable, how-
ever, that such fluctuations in quantity occur from year to year in
these waters,

The No. 10 net volumes showed a pronounced meximum in August
and September 1952, similar to that recorded for the total numbers.
This was the period when Acartfa tonsa was most abundant and when
a variety of crustacean larvae were present. Nevertheless, it is
not clear, from the composition of the population, why the late sum-
mer volumes should have been so much greater thun those obtained
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Figure 1. Meaarn total numbers of zooplankton per cubic meter taken with tne No. 2 and
No. 10 nets from March 8, 1952 to June 1, 1953,

earlier in the summer of 1952, The maximum in May 1852 may

reflect, at least in part, the greater number of late-stage copepods"

present at this time which were responsible for the bursts of nauplii
in early June. In 1953 a maximum in both numbers end volumes
was found in early April. Since the samples obtained after June 1,
1953 have not been studied, it is not possible to compare total numbers
with the much smaller volumes found in August and September 1953.

The seasonal cycle of the No. 2 net volumes (see Fiz. 2) more
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nearly reflect the cyclc of the total numbers obtained in the No. 2 net
samples. In 1852 maximal volumes were found in April and in
August to September. During 1853 maximal volumes in April were
followed by secondary maxime in early August and late October.

Table 1I lists the mean monthly No. 10 net displacement volumes
in cc per squere meter of ses surface found at the four stations from
March 1952 to May 1953. It also gives the mean monthly volumes
in cc per cubic meter and per aquare meter of sea surface, obtained
by averaging all the No. 10 net data for this period. The individusal
station data can be converted into volumes per cubic meter by dividing
by the station depths: 8 m for St. 1, 20 m for St. 2, 27 m for St. 5, and
12 m for St. 8. Presenting the station volumes as cc per square
meter of sea surface makes it possible to compare quickly the total
quantities found at the four stations during the year. At St. 1 the
mean monthly volumes did not exceed 30 ce/m?, but on several oc-
casions at St. 8 exceptionally high volumes were obtained in 1952.
Since considerable phytoplankton was present at St. 8 during the
months in question, this may have contributed to the higher volumes.
At the deeper stations, monthly volumes greater then 40 ce/m? were
found only during August and September.
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TABLE II. Mgeay MoxteLy No. 10 NET ZooPLANETON DISPLACEMENT VOLUMES
1 (OC peR Square MEeTER axD pER CUBIC METER, 1952-1953

Mean Volumes per Square Meter Mean of AU Stations

~ Stalion Station Station Station Volumez  Volumes

1 £ 6 8 por MU per M?
March 6.30 12.20 16.88 55.20 1.21 17.89
April 13.20 33.60 16.07 11.52 1.28 10.58
May 10.73 36.64 23.67 47 .44 1.82 28.453
June 11.40 21.30 28.18 10.92 1.12 16.27
July 7.47 13.84 11.20 268.40 1.00 13.88
August 28.87 88.00 41.58 49.80 3.37 50.567
September 23.87 59.50 83.15 3.96 2.70 45.83
QOctober 1.80 4.00 11.07 2.58 0.23 3.77
November 2.12 5.25 7.18 2.04 0.24 3.99
December 1.71 2.87 6.48 3.60 0.21 3.33
January 1.73 8.10 5.80 4.20 0.26 4.33
February —_ 9.40 7.29 —_ 0.37 8.85

March — — — — -— —

April £1.70 5.80 40.50 1.4 0.80 14.88
Meay 3.30 8.20 12.42 3.18 0.39 8.23

The total volumes recorded for the No. 10 net samples yielded
& mean annual concentration of 1.25 ce/m? for the period from March
1952 to March 1953, This is twice the mean volume of 0.61 cc/m®
obtained from March 1933 to March 1854, For the two years, 235
determinations gave a mean concentration of 0.85 cc/m? for the No.
10 net samples. The No. 2 net zooplankton yielded & mean volumc
of 0.32 cc/m® for 1952 tc 1953 and of 0.28 ce/m® for 1953 to 1954,
The mean concentration obtained from 225 No. 2 net samples was
0.29 ce/m? for the two year period.

Teable III summarizes the mean annual volumes recorded for the
four stations. At each station the mean volumes obtained in 1953
to 1954 were smaller than those found during the first vear. The
volumes racorded for Sts. 1 and 2 are fairly similar. The smallest
means were usually found at St. 5; also, at this station the difference
between the two years was not as great. As previously noted, ex-
ceptionally large volumes were noted on several occasions in 1952
at St. 8; as a result the largest mean volume for 1952 to 1953 was

. obtained at this station. For the two year period, the No. 2 net

volumes recorded for Sts. 1, 2, and 5 were one third ss great &s the
No. 10 net volumes.

n .
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TABLE III.  Tu=z Mran Torar ZooPLANRTON DIBFLACEMENT VOLUMES, IN
CC/M3, avp TEE Estmvated Toran ZoorLaNkTon Cror v CC/M® or Sea
SURFACE AT StaTIONS 1, 2, 3 AND 8 v Long Isnany Sovwp, 1852~-1854

Mean Displacement Volumes Mean Zooplankion
tn CCIAL® Crop in CC/M?
1858-1868 1863-1854 1058-1854 1858-1864

Btation 1 '

No. 2 net 0.38 0.20 0.30 2.70

No. 10 net 1.18 0.59 0.90 8.10
Station 2

No. 2 net 0.35 0.25 0.30 6.00

No. 10 net 1.33 0.82 0.99 19.80
Station 8

No. 2 net 0.27 0.22 0.24 6.48

No. 10 net 0.89 0.58 0.72 19.44
Station 8

No. 2 nat 0.34 0.28 0.31 3.72

No. 10 net 1.95 0.52 1.24 14 .88

When estimates are mede of the mean zooplankton crops produced
at the several stations during the two years, the results vary consider-
ably due {0 the range of station depths {see Table III). Thus St. 1
yielded & mean volume of 8.1 ce/m? for the No, 10 net samples, while
the volumes recorded for Ste. 2 and 5 were 12.8 and 18.4 cc/m?, reapec-
tively, The mean volumes obtsined for the No. 2 net samples varied
from 2.7 at St. 1 t0 6.5 cc/m? at St. 5, When these figures are com-
pared with those obtained from Block Island Sound! (Deevey, 1952a),
it is apparent, that the mean crop produced in Long Island Sound
is probably no grester than that of Block Island Sound. This is
rather surprising, since the highest number taken by the No. 10 net
in Block Island Sound scarcely exceeded 30,000/m?, approximsately
the highest number retained by the No. 2 net in Long Island Sound.
This excessive difference in total numbers coupled with similar dis-
placement volumes indicates that the mean size of the organisms
of Long Isiand Sound is considerably smaller than that of the zoo-
plankton of Block Island Sound.

! Mean displecement volumes trom Block Ialand Sound weve: 0.88 ce/m? and 20.4
ce/mt for No, 10 net samples; 0.21 ce/m? and 6.4 co/m? for No. 2 net samples.
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THE CoOMPOSITION OF THE ZOOPLANKTUN

The copepods were by far the dominant organisms. Only during
May, June, July and September were appreciable quantities of other
forms present. As a group, the larvae of bottom invertebrates
ranked next in numbers; Cladocers were also important at all the
stations. As previously noted, the dominant copepods were Acartia
claust and A. tonsa. Temora longicornis, Pseudocalanus minutus,
Paracalanus crassirosiris, and Oithone spp. also occurred in numbers
during the year in both the No. 2 and No. 10 net hauls, while Centro-
pages hamatus, Labidocera aestiva and Pseudodiaptomus coronatus
constituted 5% or more of at least one of the No. 2 net samples.
Three species of Cladocera, Podon polyphemoides, Evadne nerdmanni,
and Penilia artrosiris, were obtained in numbers in the No. 2 and No.
10 net tows. The following types of larvae of bottom invertebrates
made up 5% or more of at least one No. 2 or No. 10 net sample:
barnacle nauplii, Balanus balanoides cyprids, lamellibranch veligers,
gastropod veligers, echinoderm larvae, polychaete larvae, and mysid
larvae. Aside from these forms, Otkopleura diotca and rotifers were
the only other organisms that were fairly abundant seasonally.

Fig. 3 shows the total numbers of the several groups of organisms
taken with the No. 10 net at St. 2. The relative proportions of the
groups were similar at all stations. During most of the year, the
copepods (including nauplii) constituted at least 809; of the popula-
tion. Bottom larvae were abundant in May, June, July and Septem-
ber, while Cladocera were most numerous at the beginning of summer
and again in September. Rotifers were largely responaible for the
early April 1953 maximum of miscellaneous organisms. The com-
position of the No. 2 net zooplankton at St. 2 is shown in Fig. 4.
Copepods constituted an even higher percentage of the No. 2 net
heuls. Bottom larvae were not taken in quantity, and Cladocera
were most numerous in June. The variety of zooplankton organisms
is obviously not great.

The percentage composition of the copepod population found in
the No. 10 net hauls at St. 2 is presented in Fig. §, where the sequence
of the important species during the year is clearly illustrated. Acariia
clausi, Temora longicornis, and Pseudocalanus minutus occurred during
the winter and spring. In July there was an abrupt change in the
species composition as Acarfia fonsa, Paracalanus crassirosiris, and
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Figure 4. Total numbers poer cubic moter of the diffsrent groups of organisms taken in
the No, 2 net samples ot St. 2 from Mareh 1852 %0 June 1, 1958, 'Ths numbers of the groups
aere cumulative, as in Fig. 3.

Oithona spp. appeared and rapidly increased in numbers while the
earlier species disappeared. In December the winter to spring
species reappeared and began slowly to increase in sbundance, while
the summer and fall species dwindled in numbers during the winter
months. Thus the winter change-over in species was mwuch more
gradual than the one that occurred in July. All of the other species
of copepods combined, included in Fig. 5 as “Miscellaneous,” were
never of numerical importance.

Table IV gives a checklist of the species found in Long Island Sound.
If & single specimen of & species was found in one sample at one sta-
tion during the month, a check indicates its presence at that time.
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No effort has been made to present the data in semiquantitative form.
The purpose of Table IV is to show the species composition of the
entire zooplankton population for every month of the period studied.

Tae CorEPODS
Acartia clavei Giesbrecht and A. tonsa Dana

R. J. Conover has reported his intensive study of these two species
in this volums, so it is unnecessary to consider them in detsil here,
Fig. 6 shows the mean total numbers of both species. A. claust
first eppeared in the semiples in November, increased in numbers
during the winter and occurred in greatest quantity in early April
and late May and June. By the end of July 1952 it had disappeared.
Evidently, conditions during early spring in 1953 were better for
A. clauet than thoze in the preceding spring, since the early April
maxzimum of 1953 was greater than that recorded during the same
period in 1852; however, in mid-April 1853 there was o striking
decrease, and from then until June 1 the numbers of 4. clausi were
considerably smaller than those in 1952,

A. tonsa (see Fig. 0) was present at least in small numbers during
the entire vear, but from mid-April to the beginning of July it vir-
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Pigurs 6. Mean total numhbers of Acart{s claust and A, tonssg per cublc meter taken {n the
No. 10 nat samples from March 1652 to June 1, 1953,

tually disappearcd from the samples. In July the numbers began
to increase and A. tonsa replaced A. clousi as the dominent species.
The numbers of A. tonsa increesed abruptly during August to tbeir
seasonal maximum, then declined repidly in September. 4. tonsa
rerasined an important form during the fall, although it was excceded
in numbers by Paracalanus crassirosiris and Oithona spp. (see Fig. 3).
Late stages were present in small numbers throughout the winter
and early spring months.

Judging from the total numbers recorded for the two species during
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the year, A. clausi is better adapted to living in the waters of Long
Island Sound than A. fonsa. An infdux of ctenophores, appearing
in early September 1952 and continuing during that month, may have
been partielly instrumental in lowering so drastically the numbers of
A. tunse, or it may be that A. fonsa, primarily an inhabitant of warmer
waters, is incapable of reproducing in large numbers except during
the warmest months at the northern limits of its range.

Temora longicornie (Miiller)

‘This species ranked third in numbers. Its seasonal cycle, closely
following that of Aenrtia clausi, was similar to that previously de-
scribed (Deevey, 1952a) for Block Island Sound. However, it wae
more abundant in Long Island Sound. Fig. 7 shows the mean total
numbers of 7. longicornis recorded from the No. 10 net samples. In
1952 the numbers remained fairly low until mid-May, when there
wes an sbrupt increase to & maximum in late May and June. The
highest number obtained was approximately 100,000/m® at St. 1
during the third week of June. Total numbers decreased sharply
in late June, and by the beginning of August it had disappeared. It
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Figure 7. Mocan total nuschers per cuhle meter of Teniora longicornis and Paracalanus
crassirosiris taken in the No. 10 net samples from Mareh 1952 to June 1, 1953,
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_reappeared in November and was present in small numbers until

the end of February, but during March it began to increage and
reached a maximum in early April. A second maximum occuired
in mid-May, and then it declined in numbers up to the first of June.
Obviously, both T. longicornis and Acartia clausi were similarly
affected by whatever factors were responsible for the differences in
total numbers observed between the springs of 1953 and 1952,

Since only portions of two seasonal cycles have been studied, and
since the data for the two years varied considerably, it is difficult
to determine the probable number of generations per year. From
March to the end of July 1852, excepting July 1, nauplii constituted
409, or more of the total numbers, and reproduction probably oceurred
continuously during winter and spring until the population attained
the high numbers recorded in late May and June. However, when
the various developmental steges ere plotted as percentages of the
total number, a8 in Fig. &, three and possibly four major maexima of
nauplii are apparent between March and the end of July 1852. Such
& graph is deceptive in that the time of occurrence of a higher per-
centage of & certain stage may not coincide with the date when that
particular stege was numericaliy most abundant, but it does show the

relative proportions of the different stages during the period in ques- -

tion. In Fig. 8 maximal percentages of adults and nauplii are shown
for every month from March to July, acd in each case maximal num-
bers of nauplii followed maximal numbers of adults. Thus the April
meximum of 550 adults/m? must have produced the maximum of
5,600 nauplil which appeared the first of May, while the maximum of
1,500 edults in mid-May was apparently responsible for totals of
over 40,000 nauplii/m! in late May and early June. The mid-June
maximum of 3,000 adults and the early July maximum of 4,400
adults/m?® were followed by & final burst of 7,000 to 8,000 nauplii/m?
in mid-July, before T. longicornis diszppeared from the samples.

A few nauplii and copepodids began to appear in late November
1952; by the end of December emall numbers of all stages were present.
During Jenuary 1953 the adults increased until a maximum of 550/m?
wes recorded on February 10 (cee Fig. 8). DMeanwhile, during late
January, February and March, the nauplii increased to & maximum
of 22,600/m?® at the beginning of April, six times as many as were
found 2t this time in 1952. A second adult maximum also occurred
in late March and early April, although the numbers of nauplii were
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Pigurs 8. Relative percentages of nauplif and copepudid stages of Temsora ongicomnis,

sufficiently high to obscure the early April maximum of stage VI
T. longicornis. During April, many stage I to V individuals were pres-
ent, and the highest number of adults, over 1,700/m?, was recorded on
April 20. Unfortunately, no samples were collected during the next
three weeks, when the ship was in drydoek, but it is cbvious that an
adult maximum occurred in late April and early May. The second
mejor maxitnum of over 33,000 nauplii/m® weas recorded in mid-Msy.

Several generations were produced during the months when 7.
longicornis was present, buv the spacing of the brocds and possibly
the number may vary from year to year. In January and February
1953 the adult stock was gradually augmented to form adult genera-
tion 1 by the development of nauplii and copepodids which appeared
in Novemper and December. Spawning continued st a low level
during midwinter, but in late February the nauplii hud increased to
approximately 1,000/m® and by mid-March to nearly 8,000. Maximal
numbers of aduits also occurred 'n late March and early April (adult
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generation 2), and again in late April and undoubtedly in early May
(adult generation 3). The individuals whizh matured in late March
may have been spawned in late January cr early February, whereas
those that matured in late April and early May probably developed
from the Msrch and early April brood (see Fig. 8). A fourtk adult
generatior in June and July 1853 will undoubtedly be recorded when
those samples are studied, since the numbers of adults were rising
again in late May and since a final June-July generation was observed
in 1952,
Paracalanus crassiroatris Dahl

This tiny calanoid occurred in numbers during the latter half of
the year, although it was also present in small numbers during winter
and spring (see Fig. 5). The mean total numbers taken in the No.
10 net hauls are shown in Fig. 7. Highest mean numbers of over
45,000/m? were obtained in July and August; thereafter P. crassi-
rosiris decreesed gradually to minimal numbers by the end of Decem-
ber. During the spring of 1852 it occurred in smail numbers, ususlly
more than 100/m?, hut in 1953 it was not found in the routine counts
after the beginning of April. P. crassirostris has also been recorded,
though in smaller numbers, from Block Island Sound (Deevey, 1952a)
where it was observed from August to esrly February, with maxima
in August end from October to December. In Long Island Sound
it was found equally at all four stations, offshore as well as inshore.
The highest total, 66,000/m?, was obtained at St. 2 in the center of the
Sound in mid-August, while the next highest, 59,000, was noted in
mid-July at St. 1. No attempt has been made to differentiate the
developmental stages of thie species. Only the numbers of the
copepodid steges are plotted in Fig. 7.

Oithona spp.

The total numbers taken in the No. 10 net tows are presented in
Fig. 9. The species have not been differentiated, but possibly three
are included in these counts, O. zniilis, O. brevicornis, and 0. nana.
Oithona weas found throughout the year (see Table IV). Minimal
numbers were noted during the spring of 1952, but beginning in July
and continuing in August the numbers increased to approximately
29,000/m* in September. It then graduslly decreased in quantity
during the fall months, with relatively high numbers recorded in
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Figure 9. Mean total numbers of Oithma spp. per cubic meter obtained im the No. 10
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October and again in November. Oithona occurred in appreciably
larger numbers during the spring of 1953 than during the preceding
spring. The species of Oithona thus exhibited a seasonel cycle similar
to that of Poracalanus crassirostris (see Fig. 5). Maximal numbers
were found at St. 1, the highest number being 46,000/m? in early
September, but it was also abundant at the other stations. During
the fall months Oithong and Paracalanus crassirostris were of greater
N numerical importance than Acartia tonea.

: f | Pseudocalanus minutus (Krgyer)

This species occurred during winter and spring (see Fig. 5), Al-
though its seasonal cycle resembled that of Temora longicornis, it
was never as abundant. Fig. 10 shows the mean total numbers
taken in the No. 10 net hauls. P. minutus wes found in larger num-
bers in 1953 than in 1952. Maxima of nearly 3,000/m? were noted
in early April and of over 2,500/m® in the latter part of May 1952,
Small numbers were observed in June and it disappeared early in
July. A few individuals were recorded in early December, and
by the erd of December all stages were present. The numbers
increased during January 1953; in February, March and April maxima
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Bigare 10, Mean tota] numbers of Preudocslonus minwlus per cubic meter taken in the
No. 10 net samples.

of 4,600 to 5,5800/m? were found. However, the numbers decreased
abruptly between late April snd early May, so that P. minuwtus was
not nearly as abundant in May 1053 as it had been in May 1952,
As previously noted, this waa also true of Temora longicornis and
Acartia claust.

Fig. 11 shows the percentzge composition of the developmental
stages in 1952 and 1953, Between March and July 1952, two major
spawning periods are evident. The numbers of =dults were low,
the highest number (175/m?) occurring in mid-May, but judging
from the relative percentages and the numbers of nauplii and of stages
I to III, spawuning occurred primarily during April and late May
when nauplii were most abundant. Stages I to III were most numer-
ous in early April and late Msay; none were observed after mid-June.
Stages IV and V were also last recorded in mid-June, but o few females
remained until the first of July. Nauplii were not numerous after
the end of May. The mid-July maximum of nauplii shown in Fig. 11
is deceptive, since it represents only the small numbers that were
found after the copepodid stages had disappeared.

By early December 1952 a few females, stage V copepo-ids and
nauplii had appeared, in mid-December stages I and II were dominant,
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Figure 11, Relative percemtages of nauplll and copepodid stages of Pereudocalonus minu-
tus.

and by the end of the month all stages were present. From January
to April 1053 spawning was continuous. The numbers of adults
increased to approximately 350/m? in late January and mid-February
and reached maxima of over 1,000/m® in mid-March. The first
major burst of nauplii occurred in mid-Januery, when 2,000/m? were
recorded (see Fig. 11). During most of the period from February 10
to March 15 the numbers of nauplii remained around 3,000. Nauplii
also appeared in comparable numbers in early and late April. There-
after the total numbers of all stages decreaged abruptly. During
the latter half of May only stages I to III and nauplii were present.
Possibly these developed into a last generation of adults in June, as
in 1952.

Appreciable numbers of stage VI P. minutus were found only from
January to April. Later in the spring, disproportionately low num-
bers of adults were taken. Possibly, ar the temperature rose the
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older stages remained at the bottom of the water column. This was
observed on May 21, 1652 at St. 5 when H. Seuders collected a bottom
eample which contained 46.59 A. claust, 38.49; T. longicornis, and
16.49; P. minwdus. The Mn. 2 net onblique tow collected at the same
time contaired 77.4% A. clausi, 19.39 T. ilongicornis, end no P.
minutus, P. minufus nauplii were taken in the No. 10 net haul.
Apparently, the oblique tows do not always sample adeguately the
forms that are just above bottom.

P. minutus females exhibited a wide range in size. Oa the basis of
occasional observations only, their length, measured from top of
head to base of caudal rami, ranged between 1.0 and 1.8 mm. In
January 1953 both smaller and larger females were present, the range
being 1.0 to 1.7 mm; most were fairly large in mid-February. The
msjority were large in March, but a few small forms were still present.
In March 1952 females up to 1.8 mm in length were recorded. Pre-
sumably the smaller females matured in the late fall or possibly during
the previous summer. The range in size noted for P. minufus in
Block Island #ound (Deevey, 1952a) was not as extreme; there the
smsall individuals matured during the summer, larger fernales were
found in January, and the largest occurred in March.

The number of egss carried by the females also varied. In January
1953 most of those observed had one or two eggs, although & few had
up to 10 eggs. In mid-February, females approximately 1.7 mm in
length carried up to 10 eggs, in March up to 16 eggs. In April oc-
casional specimens carried large egg sacs, others only one egg. Evi-
dently conditions in Long Island Scund were optimal for P. minutus
duricg March, Marshail and Orr (1952) found that egg production
in Calanus depends primarily on the quantity of food availeble, and
Marshall (1949) noted a similar relationshop between food and egg
production in Pseudocalanus; in the latter, however, the largest females
produced the greatest number of eggs. Since total numbers of
distoms were high in March {see S. A, M. Conover in this volume),
1t is not surprising that the largest P. minufus and also the greatest
number of eggs per eggsac were observed at this time.

P. minutus was more numerous in Block Island Sound {(Deevey,
1952a), where it was the dominant winter to spring speciee and where
it occurred throughout the year, although in minimal numbers from
September to Decembver. Even though it is capable of maintaining
itself ir Long Island Sound at lowered salinitics and over a wide range
of temperature, it is primarily a neritic species,
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Ot2ER CoPEPODS

A few other species occurred regularly but never in abundance.
Centropages hamatus (Lilljeborg) was found in small numbers through-
out the spring and was most numerous from late May through July
1852, TFewer numbers were recorded in 1953. Except for April,
it was present every month irom November 1952 to June 1853.
Tortanus discaudaius (Thompson and Scott) was raost numerous from
May to July 1952, but it was found also in October and November
1952 and in January, April, May, and June 1953. Pseudodiaptomus
coronatus Williams occurred regularly frons June 1952 to March 19833,
in largest numbers from July to November. Lahidocera acstiva Wheel-
er was noted from the end of June to the end of December 1952;
it was most abundant in early September. Since these four species
have a fairly wide salinity tolerance, one or more factors other than
the lower salinity must have been responsible for their occurrence
in limited numbers. In this general ares, C. hamatus was observed
in relative abundance only in the surface waters of Block Island Sound
(Deevey, 1952b). The other species may prefer more specialized

enviroaments. P. coronaius, for example, was obtained in numbers -

on only one occasion, at St. 217 on September 30, 1952 when it con-
gtituted 83.59, of a night tow; this station was at one of the eastern
entrances to the Sound in an area of rapid currents. Also it should
be noted that, compared with the dominant species, except for Pseu-
docalanus minutus, these four species are relatively large. T. discau-
datus ig & carnivore, but the others are not, and possibly the particular
forms that they prefer for food are not abundent in the Scund.

Harpacticoids were recorded every month except June 1952. Only
three epecies were identified; Alleutha depressa Baird was found in
Janusary and April, but Clytemnestra rostrata (Brady) and Microsetella
norvegica (Boeck) wer~ noted only in April 1053. These species
probably entered from Block Isiand Sound. An unidentified cyclopoid
copepod occurred in April, May, June and August 1952 and in April
and May 1953, Eurytemora sp., & brackish water calanoid, was
found only in November 1952,

The several remaining species of copepods noted were stray speci-
mene of neritiec forms which were observed occasionally but which
could not survive for any length of time in the Sourd: Centropages
typicus Krgyer, Calanus finmarchicus (Gunner), Paracalanus parvus
(Claus), Metridia lucens Boeck, and Candacia armata (Boeck)., Table
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IV gives the rccords of taeir occurrence. These strays from neritic
waters must have buen carried into the Sound in the more saline bot-
tom waters that enter from Block Island Sound.

CLADOCERA

Three species of Cladocera, Evadne nordmanni Loven, Podon poly-
phemoides (Leucksart), and Penilin avirost~s Dana, were abundant
seasonally, but several others were also present. Podon leuckarti
Sars occurred at 8t. 2 in June 1952 and P. intermedius Lilljeborg was
found at Sts. 2 and 5 in late June and July and at Sts. 219 and 220
in October 1952. Besmina sp. was recorded in June, September and
October 1952 and in January, May and June 1053. Daphnia sp.
was noted at St. 2 on June 1, 1933, and Daphnia ephippia were
observed at Sts. 1 and 2 in November 1952. The highest percent-
ages of Cladocera were found at Sts. 1 and 5, but in all instances
the total numbers of the several important species were highest at St. 1.

Fig. 12 shows the mean total numbers of P. polyphemoides col-
lected in the No. 2 and No. 10 net samples in 1952. Only a small
proportion of the P. polyphemoides population was retained by the No.
2 nev. P. polyphemoides appeared at St. 1 during the latter part of
May but not at the other stations until June. Two maxima were
found in the No. 10 net hauls from Sts. 1 and 2, but by far the greater
numbers occurred at St. 1, where approximately 15,000/m?® were
recorded on June 19 and nearly 30,000/m?® on July 8. At St. 8 the
highest numbers obtained were 1,000/m? in June; at St. 5 it was not
numerous until July. Two maxima of spproximately 1,000/m? were
found in the No. 2 net samples, and it is of interest to note that the
highest numbers of the larger specimens occurred in each case a
week before the maxima recorded for the No. 10 net hauls. Although
it has a wide salinity tolerance, P. polyphemoides apparently prefers
waters of lower salinity. It was the only species of Cladocera ob-
served in Tisbury Great Pond (Deevey, 1948), where it was found to
be extremely euryvhaline and moderately eurythermal, but it occurred
in smaller numbers there than at St. 1. It was not found in Block
Island Sound (Deevey, 1952a, 1952b). There this genus was repre-
sented by P. leuckart? and P. tntermedius, species whick did not occur
in any quantity in Lorcg Island Sound. P. polyphemoides was pre-
viously reported from Long Island Sound by Fish (1825).

Evadne nordmanni occurred from April to August 1852, with greatest
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numbers in June and July; it was slso found in April, May and June
1953. The mesan total numbers obtained in the No. 2 and No. 10
net hauls from all statione in 1952 are shown in Fig. 13. In June
E. nordmanni was most abundant at St. 1, where nearly 6,000/m?
were recorded from the No. 10 net samples; in July the highest num-
bers, 3,500/m? were noted at 8t. 2. Not over 1,000/m?® were obtained
at Sts. 5 and 8 As was the case with P. polyphemoides, the No. 2
net samples revealed maxima a week before the largest numbers
were found in the No. 10 net hauls, but the difference in total numbers
retained by the No. 2 and No. 10 nets was not neasly as great for
E. nordmanni as for P. polyphemoides. E. nordmanni occurred for a
greater part of the year in Block Island Sound, where the early June
maximum was followed by a much smaller one from latc August to
October. In Long Island Sound its period of occurrence coincided
with that of P. polyphemoides, but it was most numerous in June
whereas P. polyphemoides was obtained in highest numbers in July.

Penilia avirostms was recorded from July to October 1952, Fig. 14
gshows the mean total numbers obtained in the No. 2 and No. 10 net
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havls. As in the case of P. polyphemoides and Evadne nordmanni,
P. avirostris wus most sbundant at Sts. 1 and 2 where two maxima
occurred, the first at the beginning of September and the second

“only two weeks later. At St. 2 the highest number, 6,000/m?, was
_recorded in early September, at which time 7,500/m* were roted at

St. 1; in mid-September nearly 11,000/m?® were found at St. 1. Only
one maxiinum was recorded at Sts. 5 and 8; at St. 8 ~ 70)/m? weic
noted in iate August, but at St. 5 it was not numerous until mid-
September (4,000/m?). The No. 2 net samples showed & small early
raaximum in late August, but in mid-September almost as many wera
retained by the No. 2 as by the No. 10 net. In Block Island Sound
in 1949 P. avirosiris was also found from August to October. This
speeies has not hitherto been considered a regular member of the
zooplankton communities of the coastal waters of the northeastern
Atlantic coast of the United States. Although it was noted seasonally
in Block Island Sound (Deevey, 1952a, 1952b), it appeared together
with the influx of warm water species in late summer &nd early fall,
P. avirostris itself is primarily a warm water species. However, it may
have extended its range recently, It was first observed at 8t. 1
in July, earlier than its usual time of appearance in Block Island Sound;
it was also most abundant at St. 1. This may mean that it has now
become acclimated to these waters and is an indigenous member of the
plankton fauna. So far as is known, all of the other records for this
species in these latitudes are from neritic waters. Its occurrence in
numbers in waters of lower salinity may not have been reported
previously.

TEE 1.ARVAE oF BorToM INVERTEBRATES

The periods of occurrence of the various larvae of bottom inverte-
brates are given in Table IV, Only lameilibranch veligers, gastropod
veligers and polychaete larvac were obtained in numbers, but echino-
derm larvee and barnacle larvae were fairly numerous seasonally.
The total numhters of bottom larvae taken in the Non, 10 net hauls
at St. 2 are shown in Fig. 3.

Lamellibranch veligers constituted by far the greater part of the
total numbers of bottom larvae recorded during the year. Fig.
15 presents the mean numbers taken in the No. 10 net samples.
Masimal numbers were fourd from late May to mid-July 1932;
& smaller maximum occurraed in September. The highest number,
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Figure 18. Mean total namberes of lamellibranch veligers per cobic meter taken {n the
o, 10 net samplas from March 1852 to June 1, 1053,

81,300/m? was noted at St. 2 on July 8. Few were present duving
the fall and none were recorded iz December and January. In 1953,
small numbers were found from late February to mid-May, when
the numbers increased abruptly once more, although they had de-
clined on June 1,

Gastropod veligers were numerous only during the summer of 1952,
althougk smeall numbers or ocensionel specimens were recorded from
April 1852 to January 1953 (see Table IV). They were not present
during late winter and spring 1953. The mean numbers taken in the
No. 10 net samples are shown in Fig. 16 together with those of the
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polychaete larvae. The numbers increased in June, were maximal
during July and August, and decreased by October. Relatively few
gastropod veligers were obtained in the No. 2 net samples.

The only other molluscan larvae noted were occasional specimens
of squid larvae at the offshore stations in August, September and
October 1852, : : :

Polvchaete larvae were present every month from March 1352 to
June 1953, but they were abundant only during July and to a lesser
extent in August. The mean numbers from the No. 10 net samples
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Figure 18. Mean total numbers par cublc me&ér of gastropod veligers and polychseta
larvae obtalned {n the No, 10 net saraplesa.

are presented in Fig. 16. Few were observed during late fall, small
numbers were found during winter and spring, and large numbers
occurred only in July.

Autolytus sp. was noted on a number of occasions (see Table IV),
but Tomopterts sp. was found only in March 1953 at the offshore
stationis. Tomopteris is a pelagic polychaete, whereas Aulolyius
commonly appears in the plankton only at certain stages of its life
history.

The cypbonautes larvae of Bryozoa were more numerous in Block
Island Sound than in Long Island Sound, where a few were observed
in the spring and from late summer to early fall (see Table IV). The
highest numbers were found in saruples collected on cruises to the
eastern part of the Sound. Approximetely 125/m? were recorded

e S Yk P b . ¥ T RS A 1A P A B I . SR A - AL 4, B AL B o 2

RS WD R T Y

i
1
i
H
{
{
]
:
a1
b




e e ——
l

148 Bulletin of ihe Bingham Oceanographic Collection [(XV

from the 2i0. 2 net samples obtained on the June 1952 cruise and 163/ m?
from No. 10 net samples collected o October 1, 1952,

Echinoderm larvae were present in appreciable numbers only in
July and August 1952, although they also occurred in June and Sep-
tember. Highest numbers were found at St. 1, where 800/m? were
recorded on July 15 and 1,230/m? on July 22. In August fewer than
200/m? were noterl.

Quite & variety of crustacean larvee was found (see Tablp 1v).
Balanus balanoides cyprids occurred in greater numbers than the
nauplii and were present from arch to early May 1952 and from
January to May 1953, but they were not &8 numerous in 1953. B.
balanoides nauplii were taken in March and April 1952 ind from
early January to April 1853. The largnst number recorded wes
500/m?® in mid-Janvary at St. . The larvaee of other species of
barnacles were obtained from May to November, Cyprids were most
numerous in late July, when & mean total of 200/m® was found. On

‘October I the largest number of barnucle nauplii, 355/m?, was recorded,

A few mysid larvae were observed every month except August 1952,
They were rarely numerous, hut in early October they constituted
9.49% of the No. 2 net haul from St. 5. Larval gammarid, caprellid
and hyperiid amphipods and microniscus larv.e of isopods were
noted on a8 number of occasions (see Table IV). The pseudozoeae
of Squilla were taken from July tc October 1852; on September 8
nearly 200/m?® were recorded at St. 2. Cumacea wers obtained only
during the April 1953 eruise to the eastern end of the Sound.

Lorval Crago septemspinosus was found at most of the stations
fairly continuously but in small numbers from mid-April to December
1952 and frem April to June 19583. Hippolyte larvae were noted oc-
casionally in spring and summer, whereas Upogebia and Eupagurus
larvae were taken frequently during the summer and fall months (see
Table IV). Porczllanid larvae were found only in the eastern part of
the Sound in October 1952.

The remaining crustacean larvae belong to the Brachyura. The
zoeae of Libinia sp., Neopancpe tezana sayi, Pinniza sp., and Cal-
linectes sapidus occurred continuously during the summer and early
fall. Cancer irroratus zceae were taken also in late spring (see Table
IV), but the zoeae of Pelia mutica and Pinnoctheres moculatus were
observed only in the early fall. Zoeae were most numerous in Au-
gust, the highest number recorded keing 410/m® at St. 8 on August 12.
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Megalops larvae were found from August to October and young
specimens of Pinnotheres sp. were taken in the zooplankton hauls in
August and October.

OTeER ForMs

Of the remaining groups of organisms, the tunicates and rotifers
(see Fig. 17) appeared seasonally in relatively large numbers. Oilko-
pleura dieice Fol was the only tunicate that occurred in abundance,
but Fritillaria sp. was found at St. 318 in the eastern part of the Sourd
in April 19533. 0. dioica was present at most of the regular stations
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Pigure 17. Mean total numbars per cubic meter of Ofwpleura dicica and retifers taken
in the No. 1C net haula, .

from mid-August to mid-November 1952, with max'mal numbers
in mid-September, when about 5,500/m® were recorded at St. 2,
4,800/m? at St. 1, and 3,000/m? at St. 5. At. 8t. 8 maximal number
of about 1,300/m? were found in late August. In Block Island Sounc
this species occurred from July to September in comparable numbers
(Deevey, 1952a).

Rotifers were found in March, April, May, and November 1952
and from February to June 1953. They were present in minimal
numnbers in 1952, but in 1953 they were fairly abundant in early April
and late May (see Fig. 17). The highest number recorded was
7.000/m? at St. 2 in early April.  Only during the latter part of May
were thev observed at all of the regular stations.

Hydromedusae were found in small numbers throughout the
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period studied. They were somewhat more numerocus in April of
each year, the highest number being 535/m? at St. 8 in 1952, As

yet all of the species hauve not been identified. Hybocedon prolifer.

occurred in March and April 1952 and from January to April 1453,
Rathkea octopunctata from March to May 1932 and from January
to April 1953, Sarsta mirabilis was found in April, Stemeioca dinsma
in November, and Nemopsis baches in Cecember 1952. Several other
species were also present. Actinuli (see Table IV) were recorded in
the fall and spring.

Unidentified siphonophores were noted on two occasions in late
fall 1952, A battered specimen was found at St. 2 on November 10,
and on November 24 at St. 8 another sipnonophore was obtained
from & sample which also contained Candacia armaia end Calanus
finmarchicus. Obviously, these specimens had been carried in from
Block Island Sound. ‘

Sagitta clegane was the only chaetognath found in the Sound.
Though never abundant, it occurred continuously from March to
July and from October 1852 to May 1853. In making observations
on this species, Pierce’s (1951) three maturity stages have been used
to designate the relative stage of development of the individuals.
At least one generation was produced between March and June 10952,

Stage III sagittae were present in March and early April aud again -

in June and on July 1. Eggs and Stage I individuals, though noted
every month from March to July, were more numerous in March and
early April and in June and July. The sagittae disappeared the
latter part of July.

Between fell 1852 and late May 19563 probably three generations
were produced, but reproduction must have been fairly continuous
during winter and spring, sirce eggs were present froin December to
late May. A few stage I individuals appeared in October, and these
were followed by stage II sagittae in November and December 1952,
Stage III individuals were present in January, March to early April,
and mid-May 1853. Probably the sagittae which matured in January
produced the generation that matured in March and early April,
and these spawned the individuals that were beginning to mature
by mid-May. The available data give no clue to the origin of the
sagittae that appeared in the fall. In Block Island Sound, too,
Sagitta elegans was not found ic the zooplankton tows during late
summer and early fall (Deevey, 1852b). Also, it is not known whether
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Sagitta is indigenous t¢ Long Island Sound or whether it is continually -

hrought in from Block Island Sound in the deeper, more saline waters.

The other organisms taken in the zooplankton tows were nematodes
and fish eggs und larvae. Nemetodes were recorded only in Septem-
ber and October 1852 and in April and May 1953. Fish eggs and
larvae were never found in numbers in the hauls, although fish larvae
were noted every month from March 1832 to May 1953 and fish eggs
were absent from iLie samples only from November through February.
These forms have been studied it detail by Wheatland, whose report
is given in an ac (’Ompanymg puaper.

DISCUSSION

All of the zooplankton organisms living in Long Island Sound
are eurylaline species that are adapted to waters of lower salinity.
The copepods are the dominant group, comprising at least 809, of
the population during the greater part of the year, while the larves
of bottom invertebrates, several species of Cladocera, and a few
other forms are fairly sbundant seasonally. Although a few species
of copepods are exceedingly numerous during the year, the total
number of spenries is limited, since the neritic forms which are carried
into Long Island Sound from Block Island Sound are ungble to live
at the lower salinities. The zooplankion population is therefore
more or less self contained. The dominant copepods are small
species. For reasons not apparent at present, several larger copepods
which might be expected to oceur were found only in limited numbers,
at least at the stations studied. The important species are Acartia
elausi, A. tonsa, Temora longicornis, Poracalanus crassirosiris, and
Oithona spp.

Whereas most of the neritic species of the neighboring waters are
barred from Long Island Sound by the lower salinities, nearly all
of the forms found in abundance in the RBound are {airly numercus
in Block Island Sound. Acartia tonsa, Temora longicornis, Para-
calanus crassirostris and Oithona spp. are relatively abundant and
contribute appreciably to the total numbers of the zooplankton
population of Block Island Sound. Only Acartia clausi, the species
most successfully adapted to living in Loug lsiand Sound, is evidently
incapable of maintaining itself in numbers in Block Island Sound.
On the other hand, Pseudocalanus minutus is the only primarily
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neritic copepod that is sble to survive and reproduce successfully
in Loxug Island Sound.

Of tha other members of the plankton fauna, two of the impoertant
species of Cladocera, Pentlia avirosiris and Evadne nordmanni, occur
in both Long Island Sound and Block Island Sound, although they
were more numerous in the former. Podon polyphemoides, numeri-
cally the mast abundant cladoceran in Long Island Sound, has not
been recorded from Block Island Sound, where it is replaced by two
other species of Poden. The higher salinities should not have barred
P. polyphemoides, since, according to Baker (1838), it has a wide
salinity tolerance and occurred throughout the year in Monterey Bay
where salinities are higher than those of Block Island Sound. The
two species of Poden found in Block Isiand Sound were not numerous
in Long Island Sound.

Of all the groups and species of zooplankton organisms observed
in Biock Island Sound, few can tolerats the lower salinities of Long
Island Sound. Pseudocalanus menuwtus and Sagitla elegans are the
two forms living in Long Island Sound whose stock may be continu-
ally augmented by repeated incursions from Block Island Sound.
Possibly Oikopleura dioica should be included with these species,
gince it occurs in comparable numbers in both Sounds. Presumably
the hydromedusae, found equally in the two areas, are not affected
by changes in salinity. Conversely, the majority of species which
are abundant in Long Island Scund may be carried cut in the less
saline surface waters, thus ir.creasing the variety of plankton in Block
Island Sound.

Zooplankton displacement volumes have been found to be of the
same order of magnitude throughout the coastal waters of the north-
eastern United States (Riley, ef al,, 1849). A similar rangs of volumes
hea been noted in some European waters also (Wiborg, 1954). Over
the continental shelf from Cape Cod to Chesapeake Bay, Bigelow
and Sears (1839) found volumes of 0.4 to 0.8 ce/m?, while the zoo-
plankton of Georges Bank (Riley and Bumpus, 1946) yielded & mean
of 0.72 cc/m®. Redfield’s (1941) data gave mesn volumes varying
between 0.3 and 0.53 cc/m? for the diferent sectors of the Gulf of
Maine. For Block Island Sound (Deevey, 1852a) the mean volurnes
obtained were 0.68 cc/m? for the No. 10 net samples and .21 ce/m?
for the No. 2 net hauls. The mean concentrations recorded for 1952
to 1054 for Long Island Sound were 0.95 ¢o/m® {or the No. 10 net tows
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and 0.29 ce/m® from the No. 2 net samples. Apparently, in both
Sounds the No. 2 net sampled only about a third of the tetel popula-
tion. If the figure of 0.95 cc/m?® is accepted as representative of ths
quantity of zooplankton in Long Island Sound, it appears that these
waters produce a slightly greater volume than the neritic areas in-
vestigated.

However, the Sound is a relatively shallow body of water, the
depths varying from approximately 8 to 27 m at the stations studied,
while the mean depths of Georges Bank and Block Island Sound are 85
snd 30 m respectively. When estimates of the mean volumes beneath
& square meter of gea surface are made, it is seen: that at best the total
crop producsd in Long Island Sound is probably no greater than
that of Block Island Sound. This is illustrated in Fig. 18, which
compares the mean monthly volumes, in ce/m? of sea surface, recorded
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from Georges Bank, Block Island Sound and Long Islsnd Sound.
Fig. 18 also shows that maximal volumes were found in iate spring
end late summer in both Sounds, while the Georges Bank volumes
were highest in May. The mean volumes obtained for the No. 10
net gooplankton from the four stations in Long Island Sound (see
Table III) ranged from 8.1 at 8t. 1 to 19.8 cc/m® at St. 2. The mean
volume recorded for Block Island Sound was 20.4 cc/m? of ses surfacs,
while the estimated mean for Georges Bank, 48 cc/m?, is more than
twice as large. Therefore, although Long Island Sound yielded a
relutively high volume of zooplaukton per cubic meter, the total
crop produced did not exceed that of Block Island Sound aad was not
half as large as the mean volume per square meter of sea surface
recorded for Georges Bank. '

It is also of interest to compare the difference in total numbers
of organisms in neritic and less saline waters. In total numbers per
cubic meter, the zooplankton population of Long Island Sound far
exceeded that of any neritic area thus far studied quantitatively by
gimilar methods. In Block Island Sound the largest number obtained
with the No. 10 net was 32,000/m? in early June, while the No. 2
net retained maximal numbers of a little over 7,000/m? in August.
From Long Isiund Sound, mean total numbers of over 200,000/m* were
recorded in No. 10 net hauls in late May and of over 30,000/m? in
the No. 2 net samples in April 1852, Thus the No. 2 net hauls almost
equsalled in total numbers the No. 10 net tows from Block Island
Sound. Fig. 19 shows the mean monthly tctal numbers per square
meter of ses surface obtained from Long Island Sound, Block Island
Sound, snd Georges Bank (Riley and Bumpus, 1946). The data
shown in Figs. 18 and 19 are presented as per square meter of sea sur-
face in order to illustrate clearly and to compare the total quantities
of zooplankton, both volumetric and numerical, that have been found
in these three areas. Georges Bank, with small numbers of large
neritic epecies and with the greatest mean depth, yielded the highest
total volume per square meter. The waters of Block Island Sound,
on the other hand, sct as s mesting ground for hrackish and neritie
gpecies. With a mean depth of a iittle less than half that of Georges
Bank, this ares preduced many more organisms but less than half
the mean volume of zooplankton per squere meter. Lastly, Long
Island Sound, with the shellowest depth and with & populsation con-
sisting almost catirely of small species, vielded volumes which were
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comparable to those of Block Island Sound but produced at least twice
a8 menv .organisms for the total water column. There is thus an
extraoi{iinary incresse in total numbers of zooplankton in passing
from offshore neritic areas to inshore neritic and then to more enclosed,
less saline waters. Accompanying this there is evidently a tremendous
decrease in the mesu size of individuals, since the mean displacement
volumes per cubic meter do not vary widely. Less saline waters
favor the development of & zocplankton population composed chiefly
of small organisms, if only by excluding the larger neritic species.
This is undoubtedly of considerable import to the higher forms in
the food chain, and it belps to explain why, aside from the other
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factors involved, the areas of greatest fish productivity are in neritic

waters,

Although Long Island Sound produces e relatively high concentra~
tion of zooplankton, the constituent organisms are so small that not
many of the plankton-feeding fish are able to thrive on them. Ounly
a few plankton-feeding species are found in the Sound (see Wheatland
in this volume), and they are forms that are well suited to utilize
the aveailable food. Ilerring enter the Sound only in the winter when -
Pseudocalanus is numerous. Menhaden are abundant during the
summer months; these fish are eflicient filte~ feeders and are well
adepted to feed onn small organisms. Anchovies are present through-
out the year. Aside from these there are several species which appear
in the Sound only during their early stages of development. Some
enter to spawn, their young remaining for a while and then departing,
and otbers come into the Sound es juveniles and stay for several
months. It is evident that the zooplankton organisms of Long
Island Sound cannot furnish appropriate fcod for a large plankton-
feeding fish population, but they are nevertheless adzqusate food for
young fish and for the few species which are able to filter small forms.
Therefore, Long Island Sound has no large commercial fisheries but
serves an important role as a spawning ground and nursery for young
fish.
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VI. BIOLOGY OF ACARTIA CLAUSI AND A. TONSA!
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. i APSTRACT
Descnptxve data ha.ve been supplemented with comparative Iaboratory studies
to determine aa precisely as possible the efect of envircnment on Acartia claust end
4. fonga. Developmental stages are dascribed and the characters used to distinguish
between them ars discussed.
The Sound appears to be a marginal area for buth species. 4. dauss is dominant

in winter and spring and A. tonsa is an important eonstituent of the zooplankton in
' summer und fall, but twice each year both species 2an be taken in the same plankton
A tow. During most of the year, 1ales of both speciey are less abundaut than females.
2 Probably the males and certainly the developmental stngze =re affected by changes
in the environment before the femalas, At least four generations of clauss and
probably four generations of tonsa are produced esch year, Whereas tonss develoys
from egg to adult in three to four weeks during summer, clausi requires over a mos.ch
for comparable developmert during tke cooler months. For both species, the adult
life iz & month or less during much of tke year, but in winter it is prolonged. Both
gpecies attain groatest size in winter and are smallest in summer,
Leboretory experiments deronstrate that light controls vertical migration but
does not affect respiratory or grazing ra‘es. Temperature was found to have a
profound effect on metabolism and activity. Vertical migrations of tonss are
retsrded by low temperatures, and e thermocline can limit the vertical migration of
clausi when surface waters have warmed 0 ~ critical level (16 to 18° C). At low
temperatures, clausi 8 more active and has a higher respiratory rate tnan fonsg.
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Evidence for seasonal adjustment of metaboliam, particularly for claus, was found.
The amount of food availahle and perhaps the reproductive state of the animals
can also influence respiratiop. Temperatirs, the kind and amount of food, and the
physiological state of the food culture affect feeding rates. Focd selection has been
demoonstrated for both species; adult dJausi and éones may have different food
preferences in summer,

Respiratory and filtering rates were used to compare the relative cfficiencies of
each species under different temperature conditions. Adult clausi appears to be
more successful in laboratory experiments under both winter and summer temper-
ature conditions, but the total amount of food availabls in the natural environment,
28 indicated by chloropbyll enalyses, appears to be sufficient to support a large
populaticn of either species in summer, However, grazing waa relatively inefScient
when the food organisms consisted of naked flagellates and other rannoplankton,
These organiams were abundant in sumimer, 8o that food limitation was g possibility,

Evidence frow Lisbury Great Pond suggests a rigid temperature control of seasonal

distribution for these species. In Long Ieland Sound, temperatura appears to control
the dominance of clausi and fonsa in a more subtle manner. Classical competition
theory is used to interpret the distribution of the Sound populations. During
periods of coexistence, temperature keeps the ecological niches separated. How-
aver, twice s year the niches coincide, mnd competition, probably between the
younger stages, eliminates the species less well adapted to prevsailing conditions,

Data asccumulated in this study have been used to interpret seasonsl distribution
of Acartia in other Jocalities,

Daily zooplankton production of a population domirated by Acuriia is estimated
to be 16.89, under favorable conditions.

INTRODUCTION

Pelagic copepods constituted the major portion of the Long Island
Sound zooplankton taken in routine hauls with the Clarke-Bumpus
plankton sampler. Of the copepods, two species of Acartia pre-
dominated during most of the year. A. clauet was present through-
out winter and spring and disappeared in July, while A. tonsa was
most abundant from July to December or January, although some
individuals lingered well into spring. Deevey (1048) observed a
girpilar seasonal cycle fer these species in Tisbury Great Pond, but
there the period of existence for each was somewhat shorter and
terminated more abruptly. Her data suggested a rigid temperature
control; ciaus? apparently could not tolerate temperatures much
over 20° C, and {onsa did not appear until temperatures reached 20°,
However, in Long Island Sound the populations of tonsa survived
the coldest months, only to disappear in spring after the water tem-
peratures had begun to rise again.

If temperature is the factor that controls the sessonal distribution
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of these species in the Sound, it may also control their geographiecal

distribution. Both have been found in estuarine and coastal waters
over much of the world. and occasionally they have been observed
as part of the oceanis plankton. Although cloust has been reported
from Lat. 50° 8 to 80° N and within 5° of the Equator in all major
oceans, off the east cuast of North America this species is more suc-
cessful in the cooler waters (Sewell, 1948), Bigelow and Sears (1939)
found that it was confined to coastal water south of Cape Cod; to
the north, however, it might occur offishore as well. On the other
hand, tonsa is largely restricted to a band of tropical, subtropical
and warm temperate waters arcund the earth. While this species
does penetrate the high latitudes in European waters, it is confined
to warmer estuarine conditions. For instance, it is founa in the
Baltie and Guif ot Finland but not off the coast of Morway at com-
parable latitudes. On the east coast of the United States, Cape
Cod may be & barrier to this form since, to the north it has been
found only in Plymouth Hatbor (Wheeler, 1801); Bigelow (1926)
did not report it from the Gulf of Maine.

Thus, Long Island Sound appears to be a marginal area for both
tonsa and clausi, s region which is ideal for study of the environ-
mental and biological interrelations that govern their distribution
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COMPARATIVE DEVELOPMENT OF A. CLAUSI AX
A. TONSA

In order to understand as clearly as possible the relationships
between environment end zooplankton distribution in the Sound,
it wes necessary to obtain a detailed analysis of the seasonal variation
in nurabers of all the developmsntal stages. Grandori (1812) has '
described the copepodid stages of Acartia claust and Oberg (1806) 3
has given the only account of naupliar development within the genus. ;
Since the descriptions by these authors were inadequate to separate ;
L the nauplii and younger copepodid stages of claugi and ionsa, it was o
! essential at the beginning of this study to find reliable specific char- i
j acters that could be employed for repid identification of any develop-
| mental stage under low magnification,

Methods. Several previous workers have reared the younger
| - stages of marine copepods from eggs obtained from captured femsailes
or from fresh-caught plankton tows. However, few if any marine
calanoid copepods have been cultured successfully, and our attempts
to esteblish laboratory cultures of clausi and {onsa met with similar
failure. A few copepods were maintained in the laboratory for as
long &8 six weeks, but no molting was observed, snd when eggs were
laid by apparently mature females, they failed to develop as far asy
, the first naupliar stage. Alternatively, the developmental stages
were described from preserved material.

With the aid of descriptions by Grandori and by Oberg, nauplii
and copepodids of each species were sorted from the No. 10 net plank-
ton taken during a peried of the year when only one species of adult
was present. These were grouped into the six naupliar and six copepo-
did stapes and were permanently mounied in glycerine jelly, Each
stage was exaiained furt . Horviv and then the same stages of each
speries wrze nnype ood 1o defermine if useful spevific differerices existed.
Finally, groups of younger stayes, taken frefd tows obtained during
periods when the 1wo species were likely to ~orxist, were examined
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to determine whether the specific characters observed could be used

" to separate the juveniles,

Naupliar Stages. The nauplius of the Acartia is relatively un-
specialized compared with nauplii of other calanoid genera. Becsuse
there are so few distinet morphological characteristics, distinguishing
between the two species might have been difficult. While stages
I and 1I showed no differences which could be employed for low mag-
nification counts, at least one clear-cut difference could be used to
separate stages I1I-VI,

Stage I, less than 0.1 mm long, showed little morphological resem-
blance to the adult (Figs. 1A, 1B), However, rudiments of the
first antennase (a), second antennse (b), and mandibles (¢) were
present, After the first molt, the nauplius increased slightly in size
while the second antennse and mandibles acquired certain specisliza-
tions; to & taxonomist, the nuraber and character of the short bristles
on the ventral posterior region might be useful (Figs. 1C, 1D). In
stage 111, the primordia of the first maxillae (d) had appeared, but
more important was the single pair of stout spines on the extreme
posterior of what is destined to become the adult abdomen; on the
claust specimens (Fig. 1E) these spines were Jonger and stouter than
those on the tonsa nauplii (Fig. 1F). By stage IV & second pair

: 4 - ~_ M I : Lo .
of stout spines had been added ventral to the frwt pair (Figs. 133,

1H). The difference between the first pair of spines in stage IV was,
if anything, more exaggerated than in stage III. In stage V (Figs.
2A, 2B), the rudiments of two additional thoracic appendages, the
second maxillae (e) and maxillipeds (f), appeared, while the relation-
ship between the posterior spines remained essentially unchanged.
In stages IV and V, the difference in the dorsal, most pesierior pair
of spines was probably more pronounced in lateral view (Figs. 34,
3B, 3C, 3D) than in either dorsal or ventral views. In stage VI,
the first indication of swimming legs (g snd h) became apparent,
and the posterior spines were still distinguishing characteristics (Figs.
2C, 2D, 2E, 3F).

Although it was not possible to distinguish betweer claue? and
tonsu before stage III, the inability to separate the first two stages
did not appear to be an important handicap in the prasent investiga-
tion. Sverdrup, et al. (1942) gave 0.158 mm as the average aperture
size for No. 10 bolting silk. The nets used in this investigation were
not measured, but even allowing for a certain diminution of the

g
!
o3
N
L
i
‘3
.
!
i
g
t4
1
3
1

.y P R N AR [P

W .t b 1 Frak

o A st s b G T T T

PR DAL ARy

ol




Lt T
g o

T ,
. 162 Bulletin of the Bingham Qeeanographic Colleclion XV
! 4

|
’ 2
|

[l aem i et e ol e e

el b

s bon

P 1~
RTINS RO

[ERYS RN PP K > WV RO YA SR SIS VS

&

Figure 1, Nauplar stages I, II, 111 and IV, A4, clausf stage I B, tonsg stage I, C, ¢claud
stage 1I; D, tonsa stage II: B, glaust stage III; ¥, fonsa stage II1; G, claust stage IV H,
tonss stage 1V, Key to naupllar appendages shown in Figs. 1-3. =&, first antenna; b,
sacond antenna; ¢, mandible; d, first maxila; e, second maxdils; £, mezxilliped: g, Srat swim-
ming leg: b, second swimming leg. -

.

n
ARSI s




1936]  Conover: VI. Biology of Acarlia clousi and A. tonsa 163

\*

Figure 2. Nauplar stages V and VI, A, cousf stage V. B, tones stage V; C, elzusd
gtage VI, D, toneu siage V1. See Key in Fig, 1.
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Flgure 3. NouplUarstages IV, Vand VIindde view, A, clausistago IV, B,ion23stags IV,
O, ciguzi wago V; D, onsa stage ¥V, E, claust stag. V. ¥, londg stage VI, 8es Key tu Fig. 1.
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Figure 4, First three copepodid stagea of Acartia dausi and A, fonsa. Al, dorsal view
grage I lousi; A2, side view stage I clausf; Bl, dorsal view stage 1 tonsae; B2, side view stagse
1 tonsa; C1, dor4al view stage II claust; C2, alde view stage I ¢laust; D, dorsal view stage I1
tonsa; B, dorsz] view .tage III coun: E2, zlde view gtage III clgusi; B, dorsal viaw etage
ITT tonea,
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aperture size as a resuit of clogging, it is extremely doubtful that
stages 1 and II were ever quantitatively sampled with the No, 10
nets. Whenever these first two stages were observed in the counts,
they were assigned to the species that showed the greatest numbers
of stages III and IV,

The difference in spines in stages ITI-VI proved to be constant
and relatively easy to ascertain at normal counting msagnification
(36X).

The nauplii described by Oberg for 4. bifilosa and 4. longiremis
were very similar to the A. claust nauplius, but since neither of these
species has been recorded from the Sound, confusion from this source
is unlikely.

Early Copepodid Stages. The first copepodid stage of all calanocids
is & miniature of the adult, with the exception that only the first iwo
pairs of swimming legs are present. During each succeeding molt
an adcitional pair of legs is added until the final complement of five
pairs is acquired at stage IV. The relatively shorter urosome and
the low urosome-cephalothorax ratio which characterize adult tones
are characteristic of the younger copepodids of this species as well
(Fig. 4); for tonsga, this ratio is sabout one to five, but for claus: it is
about one to three. The caudal rami of stages I-III are neariy
quedrate in tonse, buv in clausr they ars always somewhat longer
than wide. Thzse characters proved to be constant without in-
tergradations.

Later Stagea. Presumably pelagic copepods undergo six naupliar
and six copepodid stages between egg and adult, and in copepodids
IV-VI it iz possible to distinguish between the sexes (Grandori,
1912: plate 10; figs. 171-176, 205-211). However, Grandori described
an extra copepodid stage for the male clausi, distinguished from the
adult only by differences in the fifth swimming leg (¢f. Grandori, 1912:
plate 10; figs. 207-208). Thus f{ar the existence of this extra stage
has not been confirmed. Probebly it was a recently molted stage
VI that was captured before the exoskeleton had become hardened
in the adult form.

In stages IV-VI, it is relatively easy to distinguish between clauei
and fonsa. In Long Island Sound, fonsa is always larger than claust
in the later stages, and the urosome is shorter in relation to the ceph-
alothorax. The most lateral caudal bristle on each ramus is as heavy
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and ncarly as long as the four middle ones in the case of tonsa, but
it is definitely thinner and only about half as long as the others for

¢lausi. This difference is particularly useful for rapid identification

of the males. The fifth swimming legs of the adult lomse female
ere characterized by a proximal swelling of the ead segment, tapering
to a coarse toothed central portion and terminating in & thin spine,
Tho fifth legs are symmetrical and are not as described by Wheeler
(1801) and figured by Wilson (1932). 'The clausi female bas a shorter,
less specialized end segment on the fifth leg (see Grandori, 1912:

plate 10; fig. 211).

SEASONAL DISTRIBUTION OF A, CLAUSI AND
A. TONSA BASED ON PRESERVED MATERIAL

Annual Vardation in Total Numbers of Young and Adults, As
mentioned earlier, these two species have a definite seagonal distribu-
tion in the Sound. Fig. 5 shows the distribution of all stages of both
species. A. clausi first appeared in late Nevember or early December
1952, reached maxima in May of both 1852 and 1853, and disappeared
in July or early August. A. fonsa appeared in June each year, rose
rapidly to its midsummer maximum in August, and then decreased
more or less steadily throughout fall and winter, A small April
peak occurred in both years, after which fonsa disappeared for aver
s month. Apparently this April increase reflected the superabun-
dance of food available to all zooplankton organisms during the spring
flowering. The significance of this rise followed by the abrupt disap-
pearance of tonsa will be discussed later.

Neither species was as successful in 1953 as in 1952. The maximum
number of claus? during 1952 was 102,100/m?® on May 21, and the
numbers remained well above 50,000 during the following month,
In 1953, the claust peak on May 18 was only 61,800, after which the
numbers fell off in two weeks to less than half this figure, In 1952,
tonsa reacked its peak of 82,000 on August 19 and the population
remained quite high until September 16. In 1953, & maximum of
46,000 occurred on August 5, but one week later the total number
had fallen to only 15,500. It is possible that a higher count might
have been recorded after August 18, the date when analyses were
terminated. However, displacement volumes were messured through-
cut summer and fall of 1653. Whila displacement voluries revesl
nothing about the abundance of & particular organism, it secms
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Figure 8. Seasonal distribution of all stages of both species plotted on log scale, No, 10 net.

probable that & late August or early September increase in tonaa
wouid be refiected in higher volumes of total plankton. On the
contrary, after August 18, volumes of plankton fell away sharply
to less than half the August 5 figure of 1.53 cc/m?, '

Cell counts and chlorophyll values were lower in spring and early
summer of 1953 than they were during the same period of 1952,
perhaps accounting for lower numbers of claus! in 1963. On the
other hand, there was more food available in the late summer of 1953.
The major difference in the biological environment of these two
species for the two years was not so much the amount of food avail-
able as the type of food. There were striking differences in the species
composition of the phytoplankton between the two years (see S. M,
Conover’s paper, PHYTOPLANKTON, in this volume), the quantity of
diatoms and other larger phytoplankton elements being greater in 19562,
Experimental evidence on food preferences, which will be introduced

later, provides a possible explanation for the larger standing crop of
zooplankton in 1852,

Seasonal Distribution of Adulis. The sex ratio of adult copepods
varies considerahly in different species and from sesson to season.
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Marshall (1949) found that male Centropages hamaius and Temora
longicornis outnumbered females in Loch Striven whereas females
of Pseudocalanus minutus, Paracalanuse parvus, Micrcealanus pygmaeus,
Acartia claus?, and Otthona similis were more abundant than males
during at least part of the year. In that body of water, clausi in
particular showed a marked seasonal variation in sex ratio; during
winter the males constituted only 7.79 of the total adult population
of this species, whereas in summer the males often outnumbered the
females.

This striking variability in sex ratio does not necessarily reflect
differences in actual numbers of the sexes produced. Marshall
bas shown that, for copepodid stages IV and V, the number of males
and females of the seven species mentioned above was nearly equal.
Probably variation in the proportion of males to females is dependent
on differencsas in the life span of the adults. If the adult life span
of one sex of & certain species is shorter than that of the other, the
explanation for the phenomenon may be found in differential success
in utilizing the environment. In some species of copepods, notably
Euchaeta norvegica (Sars, 1803; Nicholls, 1934), the male’s reduced
mouth parts must be a factor in his longevity. Marshall, in her
study of Loch 8triven copepnda; found an average of leas faod in
the intestines of the males. In the Sound, males of both ¢laus? and
tonsa usually showed less gut contents than females. Respiration
and grazing experiments with fonsa suggest that the female is more
efficient than the male under temperature conditions approximating
the natural environment (20° C).

If we assume that the males of certain species are not as efficient
as the females, then unfavorable environmental conditions should
affect the males first. In the Sound, during periods of low abundance
or decreasing numbers, females of each species were more plentiful
than the corresponding males (Fig. 6). In the case of ionea, the males
and females were about equal in numbers on August 26, one week
after the highest 1852 total was recorded for this species, but during
the next two weeks the number of adult females increased while the
total of all stages (see Fig. 3), particularly that of the adult males,
declined (Fig. 8A). With regard to claus/, maximuiu numbers of
adults occurred in April 1852, with males actually outnurmbering
females on April 21. Both sexes then decreased sharply in abun-
dance, but the males declined in numbers even more precipitousiy
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Figure 6. Beasonal distribotion of raales and females. No. 2 nst, A, tonig; B, elaust,

than the females (Fig. 6B). Through the rest of the spring, the fe-
males outnumbered the males. Total numbers of clausi continued
to increase during most of May to & maximum on May 21 which
consisted largely of nauplii and young stages (see Fig. 5). It is
concluded that mid-April rather than May was actually the period

PR T RV PR RTPRIY

POV STta FEVI S SRRRIR TP | St

Sl n My MBI AT be s e a e o m i




1956]  Conover: Vi. Biolegy of Acartia claust and A. lonsa 171

of optimal conditions for clausi decpite the high total numbers in
May. :

In 1653 the number of males did not approach the level of abun-
dance found for females, Since ihe spring totals werse considerably
lower in 1853 than in 1952, it i8 suggested that optimel conditions
for production of claus? were pever attaired in 1953.

Drisiribution of Differens Stages during Transiiion Periods. Twice
a year in the Sound, once in early summer and again in early winter,
both species are taken in *he same tow in more or less equal numbers.

" The distribution of all developmental stages during these important
transition periods was investigated. Because development of these
copepods is relatively rapid and since breeding it nonsynchronous,
it was found necessary to lump together certain developmental stages
in order to produce a clearer picture. All nauplii were treated as a
unit and the copepcdids were grouped into three units consisting of
stages I-1I-III, stages 1V-V, and stage VI. To minimize sampling
errors due to nonrandom distribution, the data are presented as
percent of total numbers of zooplankton captured. Figs. 7 and 8
show graphically the summer transitions for 1952 and 1953.

Despite certain minor discrepancies in the distribution between
the two yesars, it sesms probable that unfavorable environmental

~ conditions affect the younger developmertel stages of clausd sconer
than the adults. The nauplii were completely gone by the end of
July, although they persisted slightly longer in 1952 than in 1853.
Copepodid stages I~II-III disappeared in the latter part of July
sbout a week earlier than stages IV-V. The adults, last to diseppear,
were still present in low abundance 'n August and were taken later
in 1953 than in 1952,

A. tonsa nauplii first appeared in early June of both years while
the population wes still dominated by clausi; a few tones adults, the
initial breeding stock, were also found tkrough most of June. In
19583, copepodid stages I-II-III uppeared in early June, whereas
in 1052 they appesred rathezr abruptly in July. Stages IV-V rose
significantly in numbers shortly after the younger stages started
to increase, and by the fourth week in July, the first summer genera-
tion adults appeared in both 1952 and 1953.

Breeding was certainly not spontaneous and development was
rather irreguiar, but nonetheless it was possible to ascertain the
spproximate length of time required for the development of the first
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generation of fonsa. Siace the first major accumulation of nauplii
found during the week of July 1-8 was followed by an initial maxi-

mum of adults in late July, it is postulated that complete develcpment

under the environmental conditions of the Sound took place in three
to four weeks. The data of Marshall (1049) and Dighy (1850)
suggest four to five weeks as the length of a summer generation of
A. claust in British waters, and Nicholls (1933) reported 28 days
&3 the maximum period of development for the tuch larger Calanus
finmarehicus in the Clyde Sea area ducing spring. Considering that
Long Island Sound tempseratures during July and August are at, least
5° C warmer than the maximum summer temperatures in British
waters, a three to four week development of tonsa from egg to adult
seems reasonable.

As would be expected, the winter transitior was more gradual
and the data clearly suggest that conditions became unsatisfactory
for continuous development of the younger stages of tonsa (Figs. 9, 10).
During December and January, stages I-II-1II disappeared progres-
gively from the plankton, despite the fact that a few nauplii were
produced throughout the winter. From November through February
the total numbers of stages IV, V, and VI did not change significantly
(Fig. 9), elthough a sharp increase in the percentage of adults was

~ recorded in late December (Fig. 10). This peak was unquestionably

an artifact which resulted from the final elimination of lingering sum-
mer populations of other species before winter forms had become
well established, Thus, for a short period the percentage of the
more resistant fonse wesg disproportionately high. The relative
uniformity in numbers of later copepodids indicates little recruitment
from younger stages. In fact, there was probably little molting at
any level.

During winter many of the older stages of fonsa, even stages IV
and V, were host to a stalked protozoan, while at other times of the
year only an occasional large and probably senile adult was found
infected. If it is assuraed that the incidence of infection will increase
with the length of time an individual has been in the water, this
observation lends further support to the theory that the fonsa popu-
lation is in a steady state during the cold months.

The behavior of either species could not be determined during the
spring flowering, since clogging of the No. 10 net with phytoplankton
was 50 great that quantitative sampling was impossible. Comparison
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Figure 9, Distribution of nsuplit and cope~  Figure 10. Percent distrfbution of total
podid stages during the winter tranaitton plankton of paupii and copepodid stagss dur-
period, 1852-18583, No, 1C nst. ing the winter transitisn period, 1852-1983.

No, 10 nst.

of preflowering and postflowering data showed higher numbers of
tonsa copepodids and nauplii in the latter period.

The development of the claust population during winter was gradusal
and rather irregular. The length of the first generation was un-
doubtedly longer, perhaps twice as long as the summer estimate
of three to four weeks for ftonsa. Possibly the small but distinct rise
in naupliar numbers in early Deczmber produced some of the claust
adults that matured in late January and early February just prior
to the spring flowering. In any case, the abundance of food during
the flowering unquestionably set off the great bhreeding activity
a3 indicated by the nearly fourfold increase in numbers of nauplii
between February 24 and March 2. In a few weeks the entire popu-
lation rose to the high springtime level shown in Fig. 8.
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Examination of the gonads of mature females of both species to
determine the effect of environmental changes on the reproductive
potential of the brecding stock showed that there were always some
females capable of oviposition. The number of eggs in the ovary
and ducts was not related to the number of nauplii taken in No. 10
net hauls. While ro attempt was made to distinguish between the
eggs of the various species of copepads found in the Sound, the num-
ber of eggs of all species relative to the number of nauplii was greatest
in spring and least in summer. The environment surely has soms
effect on the breeding cycles of adults, but its influence on the eggs
and young may have been greater, through control of survival rate
and speed of development.

Number of Generations. Digby (1950) postulated at least five
generations of A. clouss in the waters off Plymouth, England. The
data of Marshall (1948) suggest perhaps four generations of this
species in Loch Striven. While claust is & year-round inhabitant of
these British waters, both suthors found that the last generation,
produced late in the fall, was not very successful, so that overwintering
populations were small.

On this side of the Atlantic, in Tisbury Great Pond, Deevey (1848)
found two distinct generations of elaus? in 1845 und 1946, one of which
meatured-in April and the other in late May and June, Especially
notable is the fact that almost no adults of this species were observed
from late April to late May. Deevey also noted four gencrations
of tonsa in 1945 and three in 1946, but it is possible that a fourth brood
matured in the latter year after September 2, when her survey was
terminated.

The number of generations of each species of Ac